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X-ray Computed Tomography (CT) is a non-destructive and powerful imaging technique 
allowing scanned objects to be three-dimensionally inspected and characterized across a wide 
range of sample sizes (from meters to micrometres) and resolutions (millimetres to 
nanometres). For this reason, X-ray CT has been widely applied in many geosciences 
disciplines and its use grows exponentially with developments of imaging technologies and 
techniques. The majority of the applications concern petrophysical analysis of rock cores and 
plugs to estimate, from 3D images, petrophysical parameters such as porosity and permeability, 
the latter by means of flow simulations within the separated pore volume, without the need of 
laboratory analyses. Due to the huge impact that pores, pore throats, and fractures have on 
permeability, a critical step in the image analysis is the characterization of these features by 
measuring their size, shape, and orientation. This type of analysis is of particular interest in oil 
and mining industries, and disciplines such as hydrology, volcanology, and structural geology. 
However, a complete match between laboratory- and image-based measurements is often 
difficult to obtain because factors such as image resolution, feature size, presence of artifacts, 
and lack of specific imaging techniques limit and bias the analysis. 
Imaging artifacts, such as the Partial Volume Effect (PVE), and the absence of specific 
techniques particularly complicates the analysis of fractures that, as opposed to pores, are 
difficult to individually extract and characterize. In addition, connected fractures are typically 
identified as a single object, thus measurements take into account the whole object which biases 
results. Furthermore, in a dual porosity system (where porosity has two distinct morphological 
characteristics), characterization of the pore volume depends on the mean size of the features 
of interest. Thus, the resolution of the image plays a key role since all features below the voxel 
size of an image will be unresolved and only the fraction above that size can be imaged and 
characterized. 
In this thesis, the effects of these limitations are explored in three studies where X-ray CT was 
used to characterize both pores and fractures. Novel approaches are presented for more efficient 
measurement of the properties of fractures within a scanned rock. The algorithms developed 
allow definition of local fracture properties such as aperture and orientation in an automated 
way, and separation of connected fractures for individual analyses. In addition, the effect of 
poor image resolution on assessment of the petrophysical properties of triaxially-deformed tuff 
samples is investigated. It is shown that, even though a fraction of the pores below the voxel 
(volumetric picture element) size are not resolved, significant information in rocks with 
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complex structures can be qualitatively (i.e. via image visualization) and quantitatively obtained 
for fractures and pores. Finally, high resolution data are used to define 3D vesicularity (i.e. 
porosity) and connectivity in volcanic lapilli, demonstrating how a well-resolved vesicularity 
provides insights into the processes that occurred within the magma conduit, and the state of 
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CHAPTER 1: Introduction 
The word “tomography”, which defines different physical imaging techniques, is derived from 
the ancient Greek words “tómos” (slice) and gráphó (to write), that well describe how objects 
are commonly imaged. Typically, samples are imaged by sections (two-dimensional images 
also known as slices), generally equally spaced, to obtain three-dimensional insights. 
Tomographic methods were first developed in the first half of last century for medical 
investigations. The first device able to produce tomographic images was made in 1930 by the 
Italian radiologist Alessandro Vallebona, the father of “focal plane tomography”, ~10 years 
after the first theoretical studies (Vallebona, 1930; Pollak, 1953). With development of 
technology, this term was replaced by “computed tomography” approximately 40 years later 
(Brogdon, 1997). Since then, tomographic imaging techniques, particularly X-ray computed 
tomography (CT), have become an important tool for scientific studies in many disciplines: 
physics, biology, palaeontology, geology, etc. (Wellington and Vinegar, 1987). Nowadays, new 
applications, studies, and advances of the most used techniques still have a critical role in the 
scientific community. The benefits of three-dimensional visualization of the internal structures 
of a scanned object from which quantitative information can be extracted, typically without 
damaging such object, have motivated broad employment of tomographic techniques. 
For this reason, in the last 30 years X-ray CT techniques have been applied to an exponentially 
increasing number of disciplines and studies in the geosciences in both academia and industry, 
particularly the mining (Sellers et al., 2003; Kyle and Ketcham, 2015) and oil industries 
(MacAllister et al., 1993; Karpyn et al., 2009; Tiwari et al., 2013). The methods are also 
employed in investigations of rock mechanics (Kawakata et al., 1997; Kim et al., 2016) and 
hydrology (Wildenschild et al., 2002; Nakashima, 2013), particularly petrophysical 
investigations of porosity (both pore- and fracture-related) and computationally-estimated 
permeability (Al-Raoush and Papadopoulos, 2010; Rabbani et al., 2014; Saxena et al., 2017, 
2018; Guan et al., 2019). Three-dimensional images of rocks already provide a significant 
source of qualitative information to the critical eye of a geologist, who can explore the internal 
structures or Features of Interest (FOIs) of a scanned sample. Even more valuable information 
can be obtained using image analysis, where FOIs can be separated and quantitative 
measurements of their shapes, sizes, and orientations made. Despite all the advantages of a such 
methodology, X-ray computed tomography still presents limitations related to resolution and 
scanning artifacts that complicate the analysis of the FOIs, and the reliability of the geological 
interpretations (Ketcham, 2006; Saxena et al., 2018; Guan et al., 2019). Advances in the 
methodologies for the analysis of CT images and new techniques of scanning and multiscaling 
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help improve the reliability of the analyses and decrease mismatches between petrophysical 
parameters measured in the laboratory and those derived from the CT-images  (Al-Raoush and 
Papadopoulos, 2010; Menke et al., 2019; Nehler et al., 2019; Saxena et al., 2019). This thesis 
describes research to develop new methodologies for the analysis of fractures, and to estimate 
petrophysical parameters such as porosity (or vesicularity) and permeability, in low- and high-
resolution images. The methods are applied to analyses of a range of different types of 
geological samples, demonstrating their effectiveness and application. 
 
1.1. Statement of contribution 
The first part of the thesis presents a thorough explanation of the X-ray CT technique that 
introduces the reader to the principles of the technique, describes types of CT scanning devices, 
and explains and evaluates existing methods of pre- and post-processing of CT data (Chapter 
2). Two papers employing the analysis of X-ray CT scans that are presented as subsequent 
chapters form the main body of the thesis. One chapter was published in 2020 (Chapter 3) and 
one (Chapter 4) will be submitted to a journal soon after this thesis is submitted. The work 
presented in Chapter 5 is part of a paper published in 2019 (Appendix B). I am the lead author 
of the papers that form Chapters 3 and 4, and co-author of the one included in Appendix B, my 
contribution to which is described in Chapter 5. My contributions are outlined in this section 
and the contributions of all authors are also explained at the beginning of each manuscript 
chapter. 
In detail: 
Chapter 3: Cappuccio, F., Toy, V., Mills, S., Ludmila, A. (2020). Three-dimensional 
separation and characterization of fractures in X-ray computed tomographic images of 
rocks. Frontiers in Earth Science. The PhD candidate developed all the methodologies 
and coded them in python scripts. The manuscript was drafted by the PhD candidate 
and improved by co-author contributions. 
 
Chapter 4: Cappuccio, F., Toy, V., Benson, P., Doan, M., Jacob, A., Nardoni, C. (In 
prep.). Structural and petrophysical variations of Neapolitan Yellow Tuff after triaxial 
compression. I was responsible for data acquisition and evaluation. I drafted the 




Chapter 5: Part of Verolino, A., White, J. D. L., Dürig, T., & Cappuccio, F. (2019). 
Black Point–Pyroclasts of a Surtseyan eruption show no change during edifice growth 
to the surface from 100 m water depth. Journal of Volcanology and Geothermal 
Research, 384, 85-102. Doi: 10.1016/j.jvolgeores.2019.07.013. The PhD candidate 
processed the X-ray µ-CT images of the samples presented in the study. This work 
comprised both pre-processing of the images, by selecting the volume of interest (VOI) 
in each sample, and subsequently segmentation of phases to generate binary images. 
Measurements of vesicularity and connectivity were then made from these binary 
images. 
Fracture characterization and the impact that cracks have on porosity and permeability 
is considered in both Chapters 3 and 4. Chapter 3 explains new methodologies employed 
to individually characterize fracture geometry. The methodologies are implemented in 
an automated approach that allows local measurements of a fracture’s properties 
(aperture, orientation) and the separation and characterization of individual fractures 
from a network of intersecting ones in X-ray CT scans. This facilitates a detailed 
examination of the fracture properties, which was previously impossible due to the 
limits imposed by the image analysis (e.g. connected features cannot be separated).  
 
Figure 1. 1 – Application of the Fracture Separation analysis. (a) 2D slice of the granite sample 
analysed in the work described in Chapter 3 and (b) the related binary image of the fractures 
detected and examined in further detail. The binary image was skeletonized and analysed in 
order to disassemble the fracture system into segments (c), then these segments were re-
connected when they were recognized to lie on the same fracture plane based on criteria 
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described in section 2.3 (d, e). The skeleton of the segments (c, d) has a theoretical width of 1 
pixel; however, for visualization purposes, their width was slightly increased. 
The impact of loading-induced compaction and fracturing on the petrophysical properties of 
the Neapolitan Yellow Tuff (Naples, Italy) is explored in Chapter 4. The orientations of 
fractures developed during experiments are comparable to those recorded in previous field 
studies. Porosity (or vesicularity) is quantified in both Chapters 4 and 5. The limitations that 
image resolution imposes on estimates of porosity and permeability are also investigated in 
Chapter 4, revealing that different estimates of these two parameters result from laboratory or 
image-based measurements. 
 
Figure 1. 2 – Images of the Neapolitan Yellow Tuff. (a) 2D slice of the tuff sample NYT-26 
analysed in the work described in Chapter 4 and (b) the porosity (in blue) separated from the 
image. 
In Chapter 5, high resolution µ-CT images of volcanic lapilli are examined to assess total 
vesicularity and connectivity, resulting in detailed and reliable information about the eruption 




Figure 1. 3 - Example of a volume of interest (VOI) within a volcanic ash grain, analysed in 
Chapter 5. The VOI here is 1.45 mm3 (1.45×109 μm3), while the whole grain has a volume of 
about 10 mm3 (1×1010 μm3). The units of the horizontal and vertical scales are micrometers.  
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CHAPTER 2. X-ray Computed Tomography (CT) 
2.1. Aims 
This chapter introduces the reader to X-ray computed tomographic imagery, providing an 
overview of the physical principles of this methodology, the instruments commonly used for 
scanning, and the common applications in the geosciences. An explanation of the 
methodologies applied for thresholding is also presented. 
 
2.2. Fundamentals of X-ray CT 
X-ray CT is an established and non-destructive imaging technology that provides three-
dimensional images of the interiors of solid objects. The interior of a scanned sample is imaged 
by analysing the attenuation of X-rays due to scattering and absorption as they pass through the 
sample, which is measured by the detector of the X-ray CT scanner. The “raw” X-ray counts 
detected have to be “reconstructed” to yield a tomographic image of the sample. Beer’s Law 
describes the attenuation (which reduces the resulting intensity) of a monoenergetic beam 
through a homogeneous material as 
 𝑰 = 𝑰𝟎 𝒆𝒙𝒑[−𝝁𝒙], [1] 
where I0 is the initial intensity of the signal, µ the linear attenuation coefficient of the material 
scanned, and x is the length of the propagation path of the X-ray through the material. If the 
sample is not homogeneous and two or more materials are present, all the different attenuation 
coefficients must be considered by summing across the individual attenuation coefficients, 𝝁𝒊, 
and lengths, 𝒙𝒊; 
 𝑰 = 𝑰𝟎 𝒆𝒙𝒑 [∑(−𝝁𝒊𝒙𝒊)
𝒊
] , [2] 
Equation 2 becomes more complex if one attempts to account for the fact that the attenuation 
coefficient is strongly related to the beam energy 
 𝑰 = ∫𝑰𝟎 (𝑬) 𝒆𝒙𝒑 [∑(−𝝁𝒊𝒙𝒊)
𝒊
]  𝒅𝑬. [3] 
but Equation 3 is generally calculated theoretically and most reconstruction algorithms only use 
Equation 2 to set a value to each pixel (Ketcham and Carlson, 2001). 
For geological materials, generally scanned at low energies (50-100 keV), the dominant 
physical processes responsible for X-ray attenuation are the photoelectric effect and Compton 
scattering (Ketcham and Carlson, 2001). These processes are primarily a function of the atomic 
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number (Z) of the sampled material they are passing through and so are most sensitive to 
differences in composition. Thus, CT images are ideal for exploration of the 3D distribution of 
different phases in geological samples. 
The outcome of a scanning and reconstruction operation is a two-dimensional stack of equally 
spaced images, which can be assembled by specific software into a three-dimensional image 
where the basic unit is called a voxel (volumetric picture element). Each voxel has a unique 
gray value that is related to the attenuation of the X-rays within the material making up the core 
at that location. An example of the gray scale variation within a scanned rock is displayed by 
the different phases of a felsic lava in Figure 2.1. However, an absolute correlation between 
gray values and the attenuation coefficient of the materials is not possible. This is because 
scanning artifacts (particularly Beam Hardening, a common artifact that makes scan borders 
brighter for every phase) and effects of scanner resolution, such as the Partial Volume Effect 
(see sections 2.4 and 3.2.1 for a description of these artifacts), mean that any phase will present 
a different gray value in different parts of the scan, even though its attenuation coefficient is a 
constant (Ketcham and Carlson, 2001). 
 
Figure 2. 1 - 2D slice of 3D CT image of a tuff scanned at 97 keV with a desktop µ-CT scanner 




2.3. Acquisition of CT images 
Different types of X-ray CT scanners exist but all devices are composed of three main 
components: a source of X-rays, an object to scan, and a series of detectors that record the 
attenuation of the X-ray signal through the object (Fig. 2.2). In simple scanners, the longest axis 
of the sample must fit within the field of view, and this restricts the final voxel resolution of the 
3D image. Helicoidal acquisition systems allow scanning of samples that are longer than the 
field of view, so that a higher resolution, which is only dependent on their width, can be 
obtained (Fig. 2.2). Different CT configurations can be used, and the choice of the best system 
will depend on the size of the object to scan, the scale of interest, and on the information the 
work is designed to extract. Synchrotron-hosted systems can image small samples (< 1 cm), 
and generate voxels in the range of nm-μm (Withers, 2007; Fusseis et al., 2014); 
micro(desktop)-CT (µCT) is typically used for geological hand specimens (i.e. centimeter)-
sized samples generating images with a maximum voxel size of ~10-20 µm3 (Voorn et al., 
2015); while medical CT scanners can easily scan core sized samples generating voxels in the 
sub-mm to mm range (Williams et al., 2017, 2018). 
During the scanning operation, the object (or the source in some scanning configurations, 
particularly medical CT scanners) rotates, and sets of views of the sample at different angular 
orientations are recorded by detectors (Fig. 2.2) (Ketcham and Carlson, 2001). Three principal 
beam shapes exist; X-rays can be emitted in a (i) parallel-, (ii) fan-, or (iii) cone-shaped beams 
(Wildenschild and Sheppard, 2013). The raw data acquired during scanning are called 
“sinograms” and each sinogram of a view consists of a line containing a single set of detector 
readings showing the variation of the attenuation measurements (Ketcham and Carlson, 2001). 
During a mathematical process called “reconstruction”, sinograms are transformed with 
specific software into 2D images called “slices” where, at each pixel, the raw intensity value of 
attenuation is converted to a “CT value” (Fig. 2.1). Different ranges of CT values can be 
obtained from the same material by different scanning systems, since different calibration 





Figure 2. 2 - Schematic illustration of the main elements of a CT scanner and the helicoidal 
acquisition mode. 
 
2.4. Analysis of CT images 
CT images (both 2D and 3D) can be visualized and analysed using a wide variety of different 
free and commercial software or programming languages (Rosset et al., 2004; Ketcham and 
Ryan, 2004; Ketcham, 2005a; Reinhart, 2008; Svoboda et al., 2008; Schneider et al., 2012; 
Fedorov et al., 2012; Friese et al., 2013; Gouillart et al., 2016; Scientific, 2018). Fusseis et al. 
(2014) present a fairly comprehensive review of the different software tools and their 
capabilities. The analysis of CT images commonly follows this workflow: pre-processing, 
segmentation, labelling, and quantification. During the pre-processing phase, the image is 
commonly cropped to define a region of interest (ROI) or a volume of interest (VOI) to reduce 
the size of the data (with a corresponding decrease in computation time). Also, the image can 
be filtered to reduce the amount of noise for a better segmentation of the feature of interest 
(FOI). This step is not compulsory, but it helps to improve the quality of the image if common 
scanning artifacts such as beam hardening and/or ring artifacts are present (Fig. 2.3b). The beam 
hardening effect, which causes borders to appear brighter (higher gray value) than the interiors 
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of scanned samples, is due to the presence of low- and high-energy X-rays in a polychromatic 
beam (Fig. 2.1). Ring artifacts are circle or partial circle shapes centred on the rotation axis of 
scanning; these shapes are characterized by anomalous CT values created by shifts in output 
from individual detectors or sets of detectors (Ketcham and Carlson, 2001; Kaestner et al., 
2008). 
To best separate the FOIs during the segmentation process, the image is binarized into two 
materials around a threshold range of CT values. Voxels with a gray value within this threshold 
will be set to a value of 1, and all others to 0 (Wildenschild and Sheppard, 2013) (Fig. 2.3c). In 
the next step, isolated objects with value of 1 (i.e. the FOIs) are separated by assigning them a 
different label value (Fig. 2.3d) so that individual measurements may be performed on each 
labelled object during the last step of the analysis (Kaestner et al., 2008; Wildenschild and 
Sheppard, 2013). Three-dimensional characterization of number, size, orientation, geometry, 
and shape of the FOIs can then be undertaken and interpreted for geological studies (Ketcham, 
2005b; Voorn et al., 2015; Schmitt et al., 2016). 
 
Figure 2. 3 - 2D slice of 3D CT image of a felsic lava scanned at 140 keV with a medical CT 
scanner and a voxel size of 0.4 mm3 (a). The image was filtered with a mean filter (b) and the 
oxides were segmented (c) and labelled (d). 
During the analysis of CT images of rocks, several linked processes are needed to: improve the 
image quality (by removing noise and artifacts), efficiently separate voxels related to the FOI 
under analysis (this process is called segmentation), and extract measurements for geological 
interpretations. The reliability of the measurements computed from the image strongly depends 
on the quality of the segmentation process, which can be substantially improved by using filters 
(if noise or artifacts are present). In the following sections, these processing steps are further 
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described, with a particular focus on the different thresholding techniques that could be used, 
and justification of the ones applied in the subsequent chapters. 
 
2.5. Filtering 
Grayscale CT images commonly have some noise that prevents the user from a proper 
segmentation of the FOIs under analysis (Ketcham and Carlson, 2001; Cnudde et al., 2013). 
Thus, filters need to be applied to the grayscale image to improve the image quality by reducing 
the noise level or removing artifacts. Beam hardening and/or ring artifact filters are commonly 
applied, and these are typically integrated within reconstruction software. A range of filters 
exist for noise removal, each of which can be used individually or in combination, in 2D or 3D, 
to obtain a better visual description of the FOIs within the image. Smoothing filters (i.e. filters 
with low-pass characteristics) are very commonly used to reduce noise (Kaestner et al., 2008). 
The three main low-pass filters (LPF) are: Gaussian blur, median and non-local means filters. 
The first is a simple linear smoothing performed by a Gaussian function, which can be applied 
with different intensities. The method is simple, but this filter does not perverse edges and may 
remove small features from the image. The other two are non-linear edge-preserving filters: the 
median filter inspects each pixel/voxel and replace its value with the median of its neighboring 
entries; conversely, the non-local means filter uses the mean of all the pixels/voxels of the 
image, weighted by how similar these pixels/voxels are to the pixel/voxel under analysis. The 
latter gives much better results compared to the mean filter (Buades et al., 2005; Schlüter et al., 
2014; Nehler et al., 2019). The opposite effect to that of the smoothing filters is provided by 
sharpening filters. However, these are not commonly applied to CT images since they tend to 
increase the noise level (Sheppard et al., 2004; Schlüter et al., 2014). Thus, they are not further 
described here. Another class of filters are “edge detection” filters, which aim to detect 
pixels/voxels at which the image brightness changes abruptly. These filters allow detection of 
the borders (i.e. edges) of different features but they are rarely used in geological studies. For 
this reason, they are also not further described. Structural filters also exist, and their application 
allows detection and discrimination of FOIs of different shape. In geological studies, the 
hessian-based filter can discriminate between blob-like (i.e., pores), planar-like (i.e., fractures) 
features, and noise, by the analysis of the eigenvalues of the hessian matrix of the image. This 
filter proven useful in the study of fractures (Frangi et al., 1998; Voorn et al., 2013; Deng et al., 
2016). However, this filter has several limitations (e.g., it will return inconsistent results at 
fracture tips or connections) and it is computationally demanding (Voorn et al., 2013). Also, it 
does not return robust results on grayscale images, due to (i) the small contrast between 
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small/narrow features that are blurred by the PVE and the matrix; (ii) the fact it employs a 
window size set by the user (so will likely not be the same in different studies) that also may 
not fit the structure (i.e., pore or fracture) under analysis. Thus, this method is typically applied 
directly to the binary image (Voorn et al., 2013, 2015). Deep learning approaches have also 
been implemented for filtering CT images of rocks, and recently Wang et al. (2020) attempted 
to increase the image quality to recover and better define texture of 2D and 3D images by 
application of a of Generative Adversarial Network approach. 
In the analyses described in the following chapters of this thesis, none of these filters were 
applied, since the segmentation of unfiltered images returns much more robust and reliable 
results compared to the segmentation performed on filtered images (Nehler et al., 2019). Filters 
should only be applied – cautiously - when the noise level or the PVE severely impede proper 
segmentation of the FOIs to characterise. 
 
2.6. Segmentation 
After the removal of artifacts and possible reduction of noise within grayscale CT images, it is 
possible to further analyse these to extract the FOIs under study through the process of 
“segmentation”. During this process, pixels/voxels related to a specific FOI are separated into 
a binary image: these pixels/voxels are assigned to a value of 1, while all other pixels/voxels 
are set to 0. Several techniques exist to do such analysis, the most used are global and local 
thresholding methods, and machine learning-based approaches. 
 
2.6.1. Global thresholding 
The simplest and most used method is the global thresholding, which allows separation of those 
pixels/voxels whose gray-value (i.e., CT value) falls in a certain range of gray values, that 
visually include the FOI the user wants to separate. The choice of the minimum and maximum 
gray value describing the FOI can be done in a subjective (called “manual”) or an objective 
way. Generally, when analysing CT scans of rocks, the knowledge of the user about the sample 
scanned and its properties is critical to manually decide the best range of gray values to use 
based on a visual inspection of the results. This manual approach can lead to good results also 
compared to automated global methods or local thresholding techniques in good quality images 
(Thomson et al., 2018; Qi et al., 2018). Conversely, for an objective approach, the Otsu 
thresholding technique can be used. This technique allows objective definition of ranges of CT 
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values for “n” phases within a CT image, which minimizes the intra-class variance (i.e., sum of 
the product of the 0s and 1s pixels/voxels’ variances multiplied by their associated weights) by 
the analysis of the histogram of the frequency distribution of gray values (Otsu, 1979). This 
technique has been widely applied in geological studies and may be a good alternative when 
the user has no prior geological information about the sample under analysis (Iassonov et al., 
2009; Wang et al., 2011; Freire-Gormaly et al., 2015; Dubetz et al., 2016; Hapca et al., 2013; 
Zhang et al., 2017). However, the application of global thresholding techniques can bias results 
when small features (e.g., small pores, tight fractures) need to be separated. Due to the PVE, 
these small FOIs will approximate the matrix value and force the user to extend the range of 
gray values: the result is the widening of the big FOIs already thresholded, which will be 
overestimated, and the creation of artificial connections (Fig. 2.4c). For this reason, it is 
preferable to confine the application of such global methods to the extraction of big features, 
which are generally less affected by the PVE. Ketcham (2010, 2014) presented an overview of 
such thresholding problems linked to the PVE. However, some morphological operations allow 
the extraction of small black and white features through first a black-, and then a white top-hat 
transform of the image. The white top-hat transform is a morphological operation defined as the 
difference between the input image and its morphological opening (image is first eroded and then 
dilated) by the application of a structuring element, allowing the extraction of small white features 
(Thomson et al., 2018). Conversely, the black-hat transform is the difference between the 
morphological closing (image is first dilated and then eroded) and the input image, that improves 
the segmentation of small black features (Tcheslavski, 2010). An interactive threshold is 
commonly used on a CT image to which the top-hat transform has been applied in studies where 
small pores or tight fractures need to be separated (Zou and Wang, 2006; Andrä et al., 2013; 
Miller et al., 2014). For this reason, the global thresholding and black top-hat are respectively 
used in combination to segment big and small vesicles from µ-CT images in the work presented 




Figure 2. 4 - 2D slice of a lapilli sample (a), original image, (b) result of the application of 
global and black top-hat thresholding to separate big and small vesicles, and (c) result of solely 
applying a global thresholding that overestimates the size of big vesicle (striped, blue areas) 
and creates artificial connections. 
 
2.6.2. Local thresholding 
If the FOIs are difficult to separate with a classical global thresholding or a dual-segmentation 
approach such as black- and white-top hat filtering, local thresholding techniques can be used. 
These techniques are widely applied in geological studies and have proved to be reliable in 
high-quality (i.e., low noise level) images (Gerke et al., 2015; Andrew, 2018). The most used 
are the Indicator Kriging (IK) and the watershed segmentation methods. The first returns good 
results in dual-phases homogeneous images, even when there are substantial beam hardening 
effects (Iassonov et al., 2009; Schlüter et al., 2014). IK combines both global and local 
information to perform the segmentation. The user provides two gray values named T0 and T1, 
which are generally manually selected, and pixels/voxels smaller than T0 and greater than T1 
are globally set to 0 and 1, respectively. Thereafter, the unclassified pixels/voxels between T0 
and T1 are set either to 0 or 1 using the maximum likelihood estimate for each pixel/voxel by 
the analysis of the information extracted in a fixed small “kriging window” centered on the 
voxel that the user aims to classify (Oh and Lindquist, 1999; Iassonov et al., 2009). An adaptive-
window IK has also been developed to overcome the limit of the fixed kriging window, and to 
provide better results when analysing images with significant heterogeneity (Houston et al., 
2013). However, in a multi-phase image, IK may lead to misclassification errors when more 
than two phases meet locally in the IK window (Schlüter et al., 2014). In porous multi-phases 
rocks, the watershed method generally performs better than IK (Schlüter et al., 2014). The 
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method can be classified as a region-based segmentation approach, which combines region 
growing together with edge detection techniques (Roerdink and Mejister, 2000). The region 
growing starts at local minima (i.e. seeds), further extending to the existing subdomains, and 
pixels/voxels are selected until the growing level has reached the highest peak. However, 
regions remain separated since the region growing do not extends over the edges (watershed 
lines) of the regions, which are computed using the gradient of the image. However, the 
watershed segmentation has some drawbacks that influence the quality of the threshold. The 
limits are related to the sensitivity of such methods to the detection of seed regions (i.e. local 
minima) and the adjustment of parameters for the speed function, which are subjectively 
provided by the user (Iassonov et al., 2009). Nevertheless, a semi-automated approach was 
proposed by Schlüter (2014) for a better selection of watershed parameters.  
 
2.6.3. Learning-based thresholding 
Recently, machine learning-based thresholding methods have been proposed and applied in the 
geosciences (Wang et al., 2015; Andrew 2018; Ma et al., 2020; Reinhard et al., submitted). 
Generally, machine learning-based segmentation approaches provide good thresholding results 
on multi-phase materials, since thresholding does not rely only on the gray values, and the 
superiority of these methods compared to global and local thresholding techniques in geological 
studies is testified in literature (Wang et al., 2015; Andrew, 2018; Varfolomeev et al., 2019; Ma 
et al., 2020; Reinhard et al., submitted). As a result, free (e.g., Fiji, Ilastik, Dragonfly) and 
commercial (e.g., Avizo, ZEISS Zen Intellesis) softwares for image analysis have all 
implemented machine learning algorithms for image segmentation (Sommer et al., 2011; 
Arganda-Carreras et al., 2014, 2015; Wang et al., 2015; Andrew et al., 2018). There are many 
possible machine learning algorithms, but it seems the random decision forests classifier is the 
most powerful and suitable method for the classification of pixels/voxels in CT images. The 
user chooses several features (i.e., smoothing, textural, and structural filters) to apply in 2D or 
3D on the image under analysis and, using a brushing tool, manually select pixels/voxels related 
to different phases on the raw image. These voxels are linked to the other types of information 
present in the features previously selected and provide a set of training data that the algorithm 
processes to classify each pixel/voxel in a probabilistic approach. The random forest classifier 
consists of many individual (i.e., uncorrelated) decision trees operating as an ensemble. Each 
individual tree in the random forest processes the training data and returns a class prediction; the 
class with the most votes becomes the model’s prediction. The Ilastik toolkit is a freeware 
implementing the random decision forest’s algorithm for 2- up to 4D multiphase segmentation 
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of grayscale images (Sommer et al., 2011; Haubold et al., 2016; Berg et al., 2019; Kreshuk et 
al., 2019). This toolkit, developed for biological studies, is demonstrably a powerful 
segmentation tool for analysis of complex grayscale images compared to other global and local 
thresholding techniques (Fig. 2.5) (Reinhard et al., submitted). For this reason, this machine 
learning approach was used to threshold the pore and fracture porosity of the Neapolitan Yellow 
Tuff (NYT) in Chapter 4. The CT images of NYT reveal a high complexity related to the 
presence of multiple phases (pores/fractures, low gray value matrix, particles with low, middle, 
and high gray value) and features affected by PVE (matrix in big pores is darker and pores in 
whitish particles are brighter). These factors limit the robustness of global or local thresholding 
techniques but are treated satisfactorily by the random decision forest classifier, which avoids 
oversegmentation of big pores and undersegmentation of bright particles (Fig. 2.5). 
 
 
Figure 2. 5 - 2D CT slice of NYT (on the left) and the binary image of the porosity by means of 
Ilastik (center) and global thresholding approach (right). 
 
2.6.4. Manual thresholding 
The brush tool and interpolation module are powerful instruments that manually allow 
segmentation of FOIs or removal of elements from the image. The first tool is moved over the 
image with the mouse and highlight all pixels/voxels that fall withing a certain radius 
(customizable) from the pointer position. If this operation is done for two parallel but not 
subsequent slices, then application of the interpolation module geometrically fills the interval 
(i.e. the slices) between these selected slices. The combination of these two methods is quite 
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suitable for manual extraction of fractures, which are locally continuous in their planar shape. 
Even if the aperture, surface area, volume, and roughness cannot be measured for the fracture 
extracted, its orientation can be correctly estimated. The choice of the number of slides where 
the selection will be interpolated (i.e. interval) relies on the geometry of the fracture. For 
example, in a perfectly planar fracture, only the first and last slice representing the fracture need 
to be brushed and then the interpolation will perfectly fill the fracture in the other slices; 
however, if the fracture has an irregular shape, the brushing must be performed at shorter 
spacings along the fracture. In Chapter 4, fractures were highly connected to the porosity 
system, so it was impossible to separate them with standard methods (e.g. hessian filter). For 
this reason, fracture visible from grayscale images were highlighted in 2D slices with the brush 
tool along different planes (i.e., XY, XZ, YZ) and interpolation was performed to fill the slices 
where the brush tool had not been applied. This operation allowed extraction of individual 
fractures from a connected fracture system, so that the orientation of each could be measured. 
Other applications of the brush and interpolation tools exist in geology, particularly for the 
separation of that part connecting different fractures (Qi et al., 2018). 
 
Figure 2. 6 – Grayscale image of NYT showing fractures (on the left) and the manually-
extracted fractures using the brush tool and interpolation module. 
 
2.7. Reliability of the segmentation techniques 
From my personal experience in DRP studies and literature results (references in section 2.6), 
there is no single image technique or thresholding method that can be used for all types of rocks. 
Instead, specific techniques or a combination of them must be selected, depending on the type 
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of FOIs one aims to segment (particularly their size, shape, and orientation), image quality 
(noise level and PVE), and resolution (voxel size). Thus, the most important factors for a 
successful image segmentation relate to the properties of the images and the skills of the 
operator analysing them. In geological studies, the knowledge of the sample under analysis and 
the expertise of the geologist performing the whole processing plays a critical role in the 
robustness of the results obtained. However, some user-independent factors such as a high noise 
level and coarse voxel (i.e., low resolution) may lead to miscalculations regardless of the 
expertise of the geologist analysing the rocks (Saxena et al., 2018). Resolution is, in fact, a 
critical factor that limits the amount of qualitative and quantitative information extractable from 
the image (as shown in Chapter 4). Saxena (2018) properly described this problem and 
suggested that a voxel size equal to 1/10 of that of the FOI under analysis is necessary for a 
reliable characterization, particularly of shapes and connectivity of the FOI. Another factor, 
user-related, is the subjectivity of the thresholding parameters used, which may affect the value 
of the properties measured on the binary image, even if the same thresholding technique has 
been used. However, geological materials are commonly extremely heterogeneous and 
complex, so application of automated approaches for segmentation may nevertheless bias the 
results. For this reason, considering the techniques developed until now and their limitations, I 
currently consider user-based segmentation approaches more reliable and precise. The lack of 
automated machine learning tools for thresholding and the increasing prevalence of ones that 
directly require user input (e.g. the use of the brush tool for the random decision forest 
algorithm), in free and commercial software for image analysis, testify that the DRP community 
favours this type of approach. However, the quality of the segmentation can always be checked 
and validated, both for manual and automated methods, as commonly shown in literature (e.g., 
Lin et al., 2016; Nehler et al., 2019). Several methods exist to validate the quality of the 
segmentation of a porous system extracted from a scanned rock sample since X-Ray CT is a 
non-destructive technique, which preserves the sample for further analyses. Thus, laboratory 
tests can be performed to measure permeability, total and effective porosity, and pore-size 
distribution by means of injection tests with water, mercury, helium, or by applying 
Archimedes’ principle (e.g., Chapter 4; Peng et al., 2012; Madonna et al., 2012; Lin et al., 2016; 
Nehler et al., 2019). In DRP studies, these tests are considered the ‘ground truth’ of the 
properties of the sample and are used as a benchmark for the properties measured by ‘direct’ 
measurements or simulations on the segmented images. Another approach uses 2D images of 
higher resolution (from FIB/SEM apparatus) acquired from the sample scanned. The 2D image 
is used to measure properties at higher resolution, which are compared (i.e., used as a 
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benchmark) to those extracted from the CT binarized slice (Ketcham and Carlson 2001; 
Madonna et al., 2012). 
For a comparison between the different thresholding techniques, I direct the reader to the works 
of Pal and Pal (1993), Trier and Jain (1995), Sezgin and Sankur (2004); Wang et al. (2011); 
Andrä et al. (2013); Schlüter et al., (2014), Freire-Gormaly et al. (2015), Andrew (2018) and 





CHAPTER 3. Application of X-ray Computed Tomography 
(CT) for fracture characterization 
3.1. Aims 
Open fractures are three-dimensional (3D) structures that commonly have a planar geometry. 
The fracture walls also typically have rough and irregular surfaces that strongly affect how 
natural fluids can flow through or be stored in them. Fluids flow through them on convoluted 
paths that follow the minimum resistance generated by the local pressure gradients, which 
strongly depend on the local fracture aperture and roughness (Liu et al., 2016; Luo et al., 2016; 
Makedonska et al., 2016; Zambrano et al., 2019). Number of fractures, their sizes and 
geometries also impact generation of space and connections thus the storage and transmissivity 
of fluids (Long and Witherspoon, 1985; Hyman et al., 2016; Liu et al., 2016; Makedonska et 
al., 2016; March et al., 2018). To truly characterize these fracture properties, it would be best 
to observe them in their undisturbed state through the surrounding rock mass – in other words 
to image their geometry in 3D rather than physically breaking them apart. 
X-ray Computed Tomography (CT) allows various types of structural investigations by 
extracting and characterizing the fractures inside a scanned rock samples (Wennberg et al., 
2009; Voorn et al., 2015; Kyle and Ketcham, 2015; Schmitt et al., 2016). However, due to 
scanning artifacts and other limitations, a proper separation of those is difficult and subsequent 
measurements may be biased (Ketcham, 2006). Separation and characterization of fractures in 
CT data is particularly complicated when a scanned sample contains narrow and intersecting 
fractures, because narrow fractures become blurred when they are thinner than the scanner 
resolution so their value approximates that of the matrix, and because intersecting features are 
difficult to individually characterize. 
In this paper, we present a new approach for an objective and efficient characterization of the 
fracture network inside CT scans of rock samples. The approach could be applied to any 
geological sample able to be CT-scanned, from synchrotron to desktop to drillcore scale. We 
have developed algorithms, implemented as Python scripts, that measure fracture aperture-
related parameters, and that separate connected fractures and fracture intersections within CT 
images of the sample. As the gray values in the reconstructed images drop within fractures (no 
attenuation occurs in voids), our algorithm is able to identify such drops and record the lowest 
gray value in every drop as a Fracture Trace Point (FTP). For every FTP, parameters related to 
the local fracture width and the three-dimensional orientation of the FTPs surrounding it are 
measured. A second step involves the separation of individual fractures and their intersection 
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points. This allows information about a number of FTP measurements on the same fracture (or 
intersections) to be combined to characterize that feature. 
We demonstrate that our methods quantify fractures and their intersections in high detail 
through analysis of an experimentally deformed granite sample, within which we characterize 
fracture size, orientation, and intensity. The methodologies can be also used to characterize sub-
planar features in other types of datasets. Python implementations of our algorithms are freely 
available on GitHub repositories. 
The work presented in this chapter is peer-reviewed and published on the journal Frontiers in 
Earth Science (Open Access). The contribution of each author to this work, ordered as shown 
in the manuscript, is listed below: 
• The PhD candidate developed the methodologies, coded them in python scripts, and 
wrote the manuscript. 
• Primary supervisor Prof. Virginia Toy (Johannes Gutenberg-University, Germany, and 
Honorary Ass. Prof. at the University of Otago, New Zealand) supervised the geological 
aspects of the work and contributed to the manuscript. 
• Co-supervisor Ass. Prof. Steven Mills (University of Otago, New Zealand) assisted with 
the computational side of the Fracture Trace Point (FTP) methodology, and contributed 
to the manuscript. 
• Dr. Ludmila Adams (University of Auckland, New Zealand) provided the CT dataset 
used in this work. 
 
3.2. Limitations and solutions for the characterization of fractures 
3.2.1. Partial Volume Effect (PVE) and previous studies 
Separating narrow planar features through segmentation of FOIs in CT scans is a common 
problem in the image analysis of rock samples. Small features are typically blurred to some 
extent due to the Partial Volume Effect (PVE), which increases their gray value and thus 
reduces their contrast with the surroundings (Ketcham and Carlson, 2001; Ketcham, 2006; 
Ketcham et al., 2010; Voorn et al., 2013). PVE is a consequence of the true resolution of the 
scanner, which can be described in one- and two-dimensions by measuring the Line Spread 
Function (LSF) or Edge Response (ER), and the Point Spread Function (PSF) respectively 
(Smith, 1997, 2003; Ketcham, 2006). Therefore, using a classical methodology of thresholding 
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based on grayscale, these features can only be separated if we set the threshold above brighter 
(high gray value) voxels. This operation increases the amount of noise in the binary image and 
widens larger fractures, which could result in overestimation of the true rock porosity, creation 
of artificial connections, and loss of small features if the local background value is within the 
threshold range applied. 
Previously, a few approaches have been proposed to overcome this problem (Peyton et al., 
1992; Johns et al., 1993; Verhelst et al., 1995; Christe, 2009; Ketcham et al., 2010; Voorn et 
al., 2013), but these all suffer from one or more of the following limitations; (i) they are not 
easily applied to complex datasets (e.g. they are only able to properly analyse one fracture in a 
whole 3D image), (ii) they require expensive commercial software, or (iii) long computation 
times, (iv) they are not automated, and (v) they are not based on published code. For this reason, 
we are publishing the documentation and the associated Python source code for a methodology 
we have developed for the analysis of simple or complex networks of fractures in CT data. The 
algorithm we implement and demonstrate through analysis of a real dataset allow the extraction 
of local fracture information (aperture and orientation) efficiently and quickly, even if a high 
threshold gray value causes widening of bigger structures and loss of small features in a darker 
background. 
CT images of natural samples typically contain complex networks of intersecting fractures that 
are difficult to define in three dimensions. The main difficulty is separating individual fractures 
and performing discrete measurements for every planar feature in the system. Two or more 
fractures connected in three dimensions (3D) are typically labelled as a single object and 
characterized as a whole. During measurement of the segmented FOIs, unique values describing 
size, shape, and orientation of every label (object) are returned. If these measurements refer to 
a substantial number of such “composite objects”, the results will be biased, and the geological 
interpretations limited. The algorithm we have developed examines a binary image of a fracture 
network, and performs a 2D skeletonization of each slice (Lee et al., 1994). It can then 
deconstruct connected fractures in this skeletonized binary image and isolate individual 
fractures in intricate systems so that reliable and detailed measurements can be performed. Our 
approach also allows fracture intersections to be described and explored, which can facilitate 
better understanding of fluid transmission in rocks (Long and Witherspoon, 1985; Liu et al., 
2016). 
The algorithms presented in this work are implemented in Python, an open-source programming 
language widely used in the scientific community for various computing purposes, including 
image processing, and can be executed from the command line (Oliphant, 2007; Van der Walt 
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et al., 2014; Gouillart et al., 2016). The source codes of the algorithms applied in this paper are 
available online (https://github.com/fscpp) in the repositories named “Fracture-Trace-Point-
Analysis” (section 3.2.2) and “Fracture-Separation-Analysis” (section 3.2.3), and we encourage 
collaborative application of them to characterize planar features in new datasets. 
3.2.2. Fracture trace point (FTP) analysis 
Despite the blurring caused by the PVE, the gray value generally falls below “background” 
within open fractures (Fig. 3.1). The code takes advantage of this by running a series of 
horizontal and vertical traverses across each slice of the CT image, identifying each drop in 
gray value as the signal of a fracture if it presents a valley and two adjacent peaks. For each 
drop, the pixel with the lowest gray value is marked as a “Facture Trace Point” or FTP. The 
algorithm can pick all the possible valleys in the signal; however, depending on the FOI to 
characterize, the user intervenes by providing a binary image and selecting to focus only on the 
fractures of interest. The total dataset of FTPs contains the local centers of all fracture traces in 
the images, which are then separated for further analysis. 
 
3.2.2.1. Fracture aperture 
Every drop in the gray value comprises two peaks and one valley, the latter corresponding to 
the FTP. Several methods have been previously proposed to calculate the aperture of a fracture. 
The standard method is based on the “Full-Width-Half-Maximum (FWHM)”, which assumes 
the fracture width at the half-height between the air and the rock matrix gray values (Fig. 2). 
The method is reliable for features larger than the scanner resolution and close to the air value 
(Peyton et al., 1992; Ketcham, 2006; Ketcham et al., 2010). However, this method may not 
work when the fracture is narrower than the scanner resolution, which can be described (in 
pixels) by the Point Spread Function (PSF), Linear Spread Function (LSF), or Edge Response 
(ER) (Smith, 1997, 2003; Ketcham, 2006; Ketcham et al., 2010). The ER is easy to measure 
and yields a simple description of the one-dimensional resolution of the instrument based on 
the distance of blurring (i.e. smoothing) occurring along the (theoretically sharp) transition 
between two different materials (e.g. air-matrix). More precisely, the ER is the distance (in 
pixels) between 10% and 90% of this transition. LSF is another one-dimensional parameter of 
resolution and corresponds to the derivative of the edge response. PSF is a 2D parameter of 
resolution containing information about the resolution in all directions, but it is difficult to 
measure (Smith, 1997, 2003). 
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Two alternative methods that rely on using the loss (blurring) of the signal to compute the 
aperture of a fracture are the Missing Attenuation (MA; Johns et al., 1993) and Peak Height 
(PH; Verhelst et al., 1995) methods. These methods were evaluated by Keller (1998), Van Geet 
and Swennen (2001), Vandersteen et al. (2003), Mazumder et al., (2006), and Ketcham et al. 
(2010). MA considers the area of the drop, whereas PH is the measure of the height between 
the matrix value and the FTP (Fig. 3.1). Both parameters can be used to convert the area and 
height of the anomaly (i.e. attenuation deficit) to the true size of the fracture because they are 
approximately linearly correlated (Johns et al., 1993; Van Geet and Swennen, 2001; Ketcham, 
2006). MA can be applied on heterogenous samples and is less noisy for wide fractures but 
(similarly to FWHM) it is influenced by the direction of measurement and must be corrected 
for the apparent dip effect if the traverse is not orthogonal to the fracture. Conversely, PH cannot 
be applied to features larger than the sample resolution, thus requiring a prior calibration. Since 
this parameter is dependent on the height of the negative anomaly, it is only reliable for 
homogeneous materials that present peaks of similar gray values. PH is, however, less noisy 
than MA for small apertures and does not require corrections for the orientation of the fracture 
(Vandersteen et al., 2003; Ketcham, 2006; Mazumder et al., 2006; Ketcham et al., 2010). 
During each traverse, our code records the 3D location (x, y, and z) of every FTP. The ER (10-
90% of the valley-peak distance), and the FWHM (px), PH (dimensionless), and MA 
(dimensionless) related to the drop are then analysed (Fig. 3.1). Even if small structures are 
hidden because they lie in a low gray value area where they are surrounded by a matrix that has 
a value within the threshold applied, the FTPs related to these features can always be detected 
as long as they have a peak-valley-peak structure. A subsequent step measures the three-
dimensional orientation of any of these voxels in order to convert the apparent aperture to the 
true one. 
The sample we analysed here is not homogeneous and unsuitable for PH analysis, so the latter 




Figure 3. 1 - 1D hypothetical gray value profile across two open fractures of different widths 
showing the parameters measured in our approach: full-width-half-maximum (FWHM), peak 
height (PH), missing attenuation (MA), and edge response (ER). Red dotted lines indicate the 
FWHM level, which is set at a gray value halfway between air and matrix values (blue and 
green dotted lines respectively). Note that FWHM cannot be determined for fractures with gray 
values above the FWHM baseline. 
 
3.2.2.2. Fracture orientation 
The separated fracture trace points are recorded in a new 3D image that is subsequently queried 
for a voxel-by-voxel orientation analysis. A cubic crop of customized size (set by the user to an 
appropriate value for the dataset) is set around every FTP, including all neighbouring FTPs 
(Fig. 3.2). The three-dimensional arrangement of these neighbourhood FTPs is investigated 
using a Principal Component Analysis (PCA). PCA is a widely-applied computational method 
that detects the principal structures in complex datasets (Shlens, 2014). We apply it first by 
computing the covariance matrix for the FTPs inside the cropped cube. The three-dimensional 
data yield a 3 x 3 symmetrical matrix (M), representing the covariance between dimensions 
 
𝑀 = [
𝑣𝑎𝑟(𝑥, 𝑥) 𝑐𝑜𝑣(𝑥, 𝑦) 𝑐𝑜𝑣(𝑥, 𝑧)
𝑐𝑜𝑣(𝑦, 𝑥) 𝑣𝑎𝑟(𝑦, 𝑦) 𝑐𝑜𝑣(𝑦, 𝑧)
𝑐𝑜𝑣(𝑧, 𝑥) 𝑐𝑜𝑣(𝑧, 𝑦) 𝑣𝑎𝑟(𝑧, 𝑧)
]. [3] 
The three principal components (i.e. eigenvectors) of M [PC1, PC2, PC3] are determined. These 
principal components are orthogonal to one another and describe the variance of the data: PC1 
indicates the direction of the main distribution mean, PC2 the second direction, and PC3 the 
third (Woodcock, 1977; Vollmer, 1990). As a result, PC1 and PC2 are vectors lying in a plane 
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that best fits the data points and PC3 is the normal of that plane (green vector in Figure 3.2a). 
We define a reference system with two vectors parallel to north and a zenith (“+y” and “-z” 
respectively in Figure 3.2b) and extract the orientation (dip angle and dip direction) of the 
analysed FTPs by measuring the angles between PC3 and these vectors. Many rock cores come 
from (near) vertical boreholes, so depth increases along the long axis of the core (i.e. the z-
axis). For this reason, we set the north vector on the y-axis and the zenith on the z-axis (+y and 
-z vectors respectively in Figure 3b). 
 
Figure 3. 2 - 3D crop of FTPs. (a) 3D example of a plane fitted to a cloud of FTPs by principal 
component analysis (PCA) and (b) the reference system applied for each slice (black) of the 3D 
image of the rock core (brown). The 3 axes of the first (red), second (blue) and third (green) 
principal component vectors are shown in the left image. The normal of the plane is the green 
vector (PC3). 
 
3.2.2.3. Outcome of the Fracture Trace Point analysis 
At the end of the analysis, the measurements performed on the FTPs are stored in text files 
reporting the location (image x, y, z), the gray value of the FTP, the Edge Response (ER) value, 
aperture-related parameters (FWHM, MA, PH), and orientation for every fracture trace point. 
To give an idea of the amount of data that can be generated, consider a sample with CT volume 
of 100 x 100 x 100 voxels (image x-, y-, z-axis) containing a single fracture perpendicular to 
the x-axis. In this case, 100 fracture trace points will be analysed in each slice, and there will 
be around 104 FTPs. This amount of data allows a very detailed and local characterization of 




3.2.3. Fracture separation analysis 
A second algorithm analyses a binary image containing connected fractures. It implements 
several processes to identify and separate intersections and individual planar features so these 
connected features can be individually characterized. Several inputs need to be provided by the 
user in order to best fit the analysis to the shape of the features to separate. 
 
3.2.3.1. Separating intersections and fracture segments 
For every slice of the binarized image, a 2D skeletonization is performed (Fig. 3.3a) (Lee et al., 
1994). This minimizes the subsequent computation time by reducing the number of non-zero 
values, simplifies the geometry of the structures (so they assume a linear aspect), and preserves 
the continuity of the fractures along the z-axis (which does not happen with a 3D skeletonization 
that shrinks the image along every axis). The results of this processing are referred to as a 
“fracture trace”. A 3×3 window is then centred on the x-y position of each fracture trace pixel 
and isolates the local structure inside the window area. The number of regions present in the 
window is related to shape of the structure inspected. For pixels relating to a single fracture, 
one (in case of fracture tips) or two regions are measured (Fig. 3.3b); while three or more labels 
are measured if there is a connection between fractures within the window (Fig. 3.3c, d). In the 
latter case, the pixels in the window are removed from the image, which thereafter leads to 
disconnected two-dimensional fracture segments (Fig. 3.3e). Once the whole fracture system is 
decomposed in this way, individual planar features are reconnected by examination of 
similarities between fracture sections. 
 
Figure 3. 3 - Hypothetical 2D slice of 3 intersected lines (a). (b)-(d) 3x3 windows centred at 
different positions exhibit the number of labelled regions that can surround a central FTP. This 
is 2 in the case of a single linear feature (b); 3 around bifurcating segments (c); and 4 in the 
case of two cross-cutting lines (d). If 3 or more regions are measured, the one-value pixels, i.e. 
the fracture intersection, are removed, and the image is divided in fractures segments labelled 




3.2.3.2. Connecting fractures 
Once intersections have been removed and fractures separated into segments, the algorithm 
estimates slice-by-slice the 2D centroid and 2D orientation (by means of the first principal 
component PC1) of each segment. The centroid is the average position of the segment, 
calculated as the mean coordinates of its constituent points. At each intersection, the segments 
enclosed in a small 2D window centered at the intersection are analysed. The segments are 
paired (set to the same value) provided they meet geometrical and orientation criteria. In detail, 
the segments present in the window are inspected in twos and the algorithm creates all the 
potential pairs if the difference in orientation between these is lower than a user-defined 
threshold (orientation criteria). Then, the algorithm decomposes the cropping window in 
quadrants of Cartesian planes where the connection is the origin. Generally, the disassembled 
segments lie in different quadrants, as do their centroids. Thus, the algorithm chooses the pair 
of segments whose centroids lie in diagonal quadrants, since they commonly belong to the same 
structure (geometrical criteria), and label them with the same value. Additionally, the algorithm:  
(i) measures the local orientation of the segments close to the intersection 
(customizable in pixels) for a more robust pairing of irregular features (i.e. non-
planar and/or bending FOIs);  
(ii) performs a check of the connections already made in the previous slice in order to 
preserve the three-dimensional continuity of the fracture pairing; and  
(iii) checks if segments are parallel to one another and so, even if they fit both orientation 
and geometry criteria for pairing, they are not paired because they lie on two 
different planes.  
The thresholds and window sizes requested as inputs by the algorithm should be chosen by the 
user to best describe the geometry of the FOIs under analysis. For example, the two-dimensional 
shape of the fractures and vicinity of intersections points can affect the value of the thresholding 
parameters applied (e.g. orientation thresholding and window size respectively). 
After all segments have been linked in each slice, new centroids and orientations are measured. 
The algorithm then uses these data to connect the features in 3D. Every element present in the 
nth 2D slice is compared to the closest one in the (n+1)th slice by means of k-nearest neighbors 
(k-NN) (Mladenović and Hansen, 1997; Maneewongvatana and Mount, 1999). If a connection 
is not established by this rigorous correlation method, the algorithm then considers connections 
based on centroid distance. The assumption is that fracture segments that lie in the same plane 
in 3D are close to one another. Therefore, the segment in the nth slice can be paired with the 
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related one in the next slice if the latter presents a similar orientation, a similar size, and its 
centroid is within a specific distance from the first. Slice-by-slice, 2D segments are paired along 
the z-axis until all the 2D fracture traces lying on the same plane are uniquely labelled (Fig. 
3.4b). Finally, the orientation of each individual fracture can be measured using the third 
principal component (PC3), which corresponds to the fracture’s normal direction. 
Pixels related to the removed intersections can also be paired in 3D and labelled by checking 
all those connecting two different fractures along the z-axis. In this way, their orientation can 
be computed using the first principal component (PC1), which describes the line that best fits 
these connection points. 
 
Figure 3. 4 - 3D binary image (five slices) of (a) open and connected fractures detected in CT 
scans of drillcores collected during the Alpine Fault, Deep Fault Drilling Project (Toy et al., 
2015) (b). The network has been skeletonized and broken apart into 2D fracture segments that 
are analysed and connected in 3D using geometrical and orientation similarities explained 
further in the text. Different colours indicate different labels. 
 
3.3. Results and discussion 
In combination, the FTP detection and fracture separation methods we have designed and coded 
yield characterizations of fracture systems that are substantially more detailed than standard 
global approaches, where properties are measured on the whole system without taking into 
account local variations and the geometrical individuality of the features. In this work, every 
point in the separated fractures and fracture intersections is related to its closest FTP using the 
k-NN algorithm, but only the FTPs within a specific distance threshold (6 pixels radius) that 
are not already paired are used for subsequent analyses. This ensures that local structural 




3.3.1. Test sample 
The test dataset we use here to demonstrate the algorithm’s capabilities is an experimentally 
fractured granite imaged with a Siemens medical X-ray CT scanner SOMATOM Definition AS 
with a beam energy of 120 keV and a voxel resolution of 0.097 x 0.097 x 0.4 mm. The sample 
was imaged within 512 x 512 x 180 voxels; of those 180 slices, only 160 were of reasonable 
quality for extracting quantitative information (slices at top and bottom of the core were darker 
and blurred). Then, 100 test slices were chosen in the most fractured part of the sample to 
demonstrate the capabilities of our algorithms and provide a small dataset that future users can 
easily practice with on personal computers. The test data can be downloaded from the repository 
named “Test-sample-and-scripts” on Github. The image was first processed using the 
commercial image processing software Avizo® (Scientific, 2018) through the following steps: 
a filter was used to remove beam hardening artifacts; a region of interest (ROI) with a size of 
370 x 370 x 100 voxels was cropped (Fig. 3.5a); a binary image of the fractures was obtained 
(Fig. 3.5b); from this image FTPs were detected and individual fractures separated (Fig. 3.5c, 
d, e). 
A total number of 29 fractures were detected in the sample. Of these, the largest 5 account for 
~96% of the volume of the fracture system separated (Fig. 3.5e). Since these five features 
provide a substantial number of data points (FTPs) to analyse and the characterization of all the 
fractures is beyond the scope of this paper, only these 5 features are examined in further detail. 





Figure 3. 5 - 2D slice of the granite sample (a) and the related binary image of the fractures 
used in the analysis (b). The binary image was skeletonized and analysed in order to 
disassemble the fracture system into segments (c) then these segments were re-connected when 
they were recognized to lie on the same fracture plane based on criteria described in section 
3.2.3 (d, e). The skeleton of the segments (c, d) has a theoretical width of 1 pixel; however, for 
visualization purposes, their width was slightly increased. 
 
3.3.2. Fractures aperture and roughness 
Filtering of the data is necessary to obtain a reliable correlation between missing attenuation 
(MA) and true aperture. To set an appropriate filtering protocol, first, the width of the edge 
response (ER) was measured in traverses across several fractures, yielding an average ER value 
of ~11 px. From previous studies is known that FWHM measured on features bigger than the 
scanning resolution value and close to air value should reflect the true fracture aperture of the 
FTP at that position (Johns et al., 1993; Van Geet and Swennen, 2001; Ketcham, 2006; Ketcham 
et al., 2010). Consequently, FTPs with an ER higher than 11 px in size and a low gray value 
were considered in this calibration. The apparent dip effect for FWHM and MA was also 
corrected for, using a local orientation computed by principal component analysis. 
In the end, the corrected FWHM and MA from the filtered FTPs were plotted and a linear best 
fit was made to the data. This can be used to assess the fracture aperture from the MA recorded 
in smaller fractures, where FWHM cannot be used (Fig. 3.6). 
 





FTPs data were grouped for each fracture by means of k-NN and, using the linear fit equation 
from Figure 3.6, the aperture was measured for every FTP lying on the fracture plane. The 
arithmetic means (am) and standard deviations (σa) of the apertures were measured (Table 3.1). 
F-1 is the largest fracture, both in terms of size and mean aperture (0.313 mm); followed by F-
2 (0.184 mm). F-3, F-4, and F-5 have similar apertures, in the range 0.125-0.134 mm. 
The surface roughness (or just roughness) is the deviation of a surface from a perfect planar 
geometry. A variety of 2D and 3D methods and parameters exists to measure roughness 
(Gadelmawla et al., 2002). In this work, we have measured the roughness of the separated 
fractures in the same way as suggested by Zimmerman et al. (1991) and applied by Keller 
(1998), as the ratio between the fractures’ standard deviations and the arithmetic means of their 
apertures (σa/am). In the case of a perfectly parallel-sided fracture, the standard deviation value 
is zero, therefore roughness is also 0. The results of this analysis (Table 3.1) show that F-1 has 
the least rough surface (0.568) within the 5 inspected fractures, and that F-3 is the roughest 
(0.720). F-2, F-4, and F-5 have similar, intermediate values of roughnesses (around 0.700). 
Table 3. 1 - Mean apertures and standard deviations (both in px and mm) for the analysed 
fractures, and their calculated roughnesses. 
Fracture Aperture (am) ± σa (px) Aperture (am) ± σa (mm) Roughness (σa/am) 
F-1 3.23 ± 1.83 0.313 ± 0.178 0.568 
F-2 1.90 ± 1.32 0.184 ± 0.128 0.694 
F-3 1.36 ± 0.98 0.132 ± 0.095 0.720 
F-4 1.29 ± 0.91 0.125 ± 0.088 0.705 
F-5 1.38 ± 0.97 0.134 ± 0.094 0.702 
 
 
3.3.3. Fracture intensity 
Fracture intensity is one of the most important parameters to describe a distribution of fractures, 
but it is not always easy to characterize. Several standards that have been developed to describe 
the intensity in one, two, and three dimensions are explained in more detail by Dershowitz and 
Herda (1992). In this work, fracture intensities are estimated by a method where, for each slice, 
total fracture trace length is divided by the rock trace plane area (Fig. 3.7). This yields P22 which 
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is accepted as a reliable 2D measure of intensity, and can also return information about how 
fractured a rock sample containing open or closed fractures is along the z-axis (Dershowitz and 
Herda, 1992; Aliverti et al., 2003). P22 was measured both for individual fractures and for the 
entire set of fractures to better understand the way that individual fractures impact the bulk 
dataset. 
We find that the intensity of the bulk fracture system within this sample increases along the z-
axis (black line in Figure 3.7), but that this increase can be attributed to the combined effect of 
the 5 largest individual fractures. The other 24 small fractures identified within the sample, and 
colored in gray in Figure 3.7, are fairly smooth and no object of analysis since their contribution 
on the global density profile (in black) is negligible. However, of the large fractures, only F-1 
and F-2 transect the whole sample, whereas F-3 and F-4 develop at slices ~10 and ~40, and end 
around slice 70 and 90 respectively, and F-5 extends from slice ~65 to the bottom of the sample. 
The appearance and disappearance of these large fractures has a significant impact on the bulk 
2D fracture intensity. 
The 3D fracture intensity can also be approximated by the parameter P32, which is the area of 
fractures per unit volume of rock (Dershowitz and Herda, 1992). It can be computed by 
summing the area of all the voxels contained in fracture traces and dividing them by the total 
volume of the scanned rock. In our sample, P32 is equal to 7.36×10
-3 mm-1, indicating a moderate 
damaged rock (Rogers et al., 2015). 
 
Figure 3. 7 - Two-dimensional fracture intensity variation across the core (P22) for the whole 
fracture system (black line) and individual fractures (coloured lines). P22 is measured for each 




3.3.4. Fracture orientation 
It is difficult to precisely estimate the individual orientations of a set of (sub)-planar FOIs that 
are connected in a binary image. This is because all the sub-structures making up an object are 
included in the analysis. If a single label includes two intersecting or bifurcating fractures, the 
orientation measured is the average of these two features, rather than that of any individual 
feature. We have recognized that it is possible to separate and measure the orientations of the 
intersecting features by defining a 3D cropping window around each FTP. We measure the 
local orientation of each FTP only within this window. The method is robust except in very 
close proximity to intersection points, when FTPs belonging to other fractures fall within the 
cropping window and can affect the analysis. However, the number of FTPs related to these 
connection points are dependent on the size of the cropping window and extremely small if 
compared to the ones recorded in the fracture planes. 
We illustrate orientation distributions of the poles to planes measured at each FTP and on 
individual planes in the test sample in Fig. 3.8. The dominant trends of the poles to plane for 
the FTP orientations (in an arbitrary reference frame) are ENE-E, and two lesser concentrations 
trend ESE and S. The dips of all features are generally greater than 60° (i.e. their poles mostly 
plunge < 30°). Measuring poles to planes from individual fractures (Fig. 3.8b) provides similar 
results to the FTPs local analysis but reveals small features that are partially hidden in the 
former analysis. Indeed, poles trending SSE and NW were not evident in the very small number 
of data points derived from the FTPs local analysis (Fig. 3.8a). Larger structures comprise more 
FTPs, so the contour plots (Fig. 3.8a) are somewhat biased, but they still provide important 
information about the minor structures in the system. 
 
Figure 3. 8 - Stereoplots of the poles to planes measured on the (a) FTPs and (b) separated 





Additionally, local strike and dip variations of each fracture can be explored using the 
orientation measurements of their FTPs. We measured both the standard deviations and 
arithmetic mean of the dip angles and dip directions (σda, σdd) of the FTPs of individual 
fractures. The results for the biggest fractures are shown in Table 3.2. The dip angles estimated 
for F-1 exhibit the highest variation (~8°), while those for the other fractures are similar and 
smaller (between ~4° and ~6°). Conversely, the strike direction angle considerably varies in F-
3 and F-5 (70.5° and ~53° respectively); while, F-1, F-2, and F-4 have similar values ranging 
from a minimum of ~39° to a maximum of 45°. 
Table 3. 2 - Mean aperture and standard deviation of the dip angle and dip direction 
measurements of the FTP orientations belonging to the individual fractures analysed. 
Fracture Dip angle (oda) ± σda Dip direction (odd) ± σdd 
F-1 70.9 ± 7.8 274.1 ± 41.3 
F-2 76.4 ± 5.5 248.3 ± 39.1 
F-3 81.0 ± 5.9 324.7 ± 70.5 
F-4 80.1 ± 4.4 264.1 ± 45.0 




During the fracture separation analysis, intersections are removed from the binary image, but 
the algorithm records their coordinates so that they can be inspected and characterized in similar 
ways to fractures. Intersection points are grouped based on the labels they are connected to, and 
their orientation is computed as the best fitting line (PC1) by principal component analysis. The 
results are plotted (Fig. 3.9a), in a way that highlights intersection length (along the z-axis) 
using both the color and size of the diamonds, revealing that only 3 have substantial lengths, of 
60, 52, and 41 voxels. All the intersections plunge steeply, and most trend between S and NW. 
In order to check the accuracy of the measurements made on fractures and intersections, the 
orientations of the latter were also geometrically calculated as the cross lines between the planes 
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they are connecting (Fig. 3.9b). These two approaches return similar results, and the data cluster 
in the same region of the stereonet, validating our automated analytical method. 
 
Figure 3. 9 - Equal area, lower hemisphere stereographic projections illustrating (a) the 
orientations of lines of best fit to the separated fracture intersections found during the fracture 
separation analysis. (b) Stereonet of the same lines of intersection calculated from the 
intersections of the bounding planes. Lengths of the intersections are illustrated both by colour 
and symbol size. 
 
Apertures were also calculated using MA (as described in section 3.3.2) for FTPs identified to 
be related to intersections by the k-NN algorithm (Table 3.3). Since our aim is to show the 
applications of the methods involved in this paper, rather than describing all possible FOIs, the 
aperture was calculated only for the biggest intersections, which are named by their size: I-1, I-
2, and I-3. These features connect the five large fractures analysed above, in particular: I-1 
connects F-1 and F-2; I-2 connects F-1 and F-3; and, I-3 connects F-2 and F-5. The mean 
apertures of these intersections are, respectively, 0.276 mm, 0.182 mm, and 0.172 mm. The 
mean apertures of all other intersections range from a minimum of 0.036 mm to a maximum of 
0.502 mm. 
Table 3. 3 - Mean apertures and standard deviations (both in px and mm) for the analysed 
intersections. 
Intersection Aperture (am) ± σa (px) Aperture (am) ± σa (mm) 
I-1 2.84 ± 2.11 0.276 ± 0.205 
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I-2 1.88 ± 1.85 0.182 ± 0.179 
I-3 1.78 ± 1.22 0.172 ± 0.119 
 
 
3.3.6. Advantages and constraints 
The methods described in this paper provide a different and more detailed characterization of 
fractures in CT images. Particular advances we have made include: 
(1) The FTP algorithm allows the tracking of the fractures through the images, and the 
preservation of the structures that would have been hidden by high thresholding values 
in other analyses. 
(2) This algorithm also extracts a substantial amount of local data, referenced in CT space, 
that can be used to compute critical fracture parameters, such as mean aperture, 
roughness, and fracture intensity. These data could also be analysed in ways we have 
not described, and thus further applications may be developed by those who use our 
script in the future.  
(3) It is possible to extract information about the orientations of different features from 
either a whole connected system or individual FOIs by means of the orientations 
measured at the FTPs. 
(4) Fracture aperture parameters such as MA, PH, and FHWM are automatically recorded 
from a whole CT dataset. In case of calibrated cores, PH may also be used to better 
characterize smaller features. 
(5) The fracture separation algorithm separates the skeleton of individual features inside a 
system made up of more structures (e.g. fractures). This allows a better characterization 
of the FOI orientations inside the system. 
(6) The algorithm is flexible and the input thresholds values for pairing segments in 2D and 
3D can be defined by the user, based on the geometries present in the image, for a better 
analysis. 
(7) The source code implementing our algorithm is made freely available to the research 
community. This allows for comparative evaluation and further development of the 
approaches in the future. 
 
Disadvantages in the algorithms applied: 
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(1) The binary image used for filtering the FTPs must be only composed of fractures. If 
pores and/or noise are present, FTPs related to these features will be included in the data 
and bias the analysis. Image denoising filters (e.g. Fig. 2.3b), which can reduce the noise 
inside the image, and morphological (e.g. closing) and/or shape-based filters, which can 
remove pores from binary images, are not currently implemented via our Python scripts 
but should be applied manually before using our algorithms. 
(2) Big fracture may create some noise during the FTP analysis, providing some FTPs 
orthogonal to the real fracture trace. These points represent the extension of the fracture 
that returns a wide valley-shaped signal. However, the number of these points is low if 
compared to the FTPs laying on the true fracture plane. 
(3) The fracture separation analysis is sensitive to orientation and geometry, so performs 
better if the FOIs have a geometrical shape (i.e. linear in 2D) and are not parallel to the 
x-axis of the 2D image. The way the algorithm measures 2D fracture trace dip means 
fractures comprising segments that are close to horizontal but with opposite dip 
azimuths will not be rejoined even though they probably are one feature. To overcome 
this, we recommend manual observation of the image before implementing the Python 
script. If the user observes that most fractures are parallel to the x-axis, all slices should 
be rotated by 90° around the z-axis before analysis, so these fractures will be orthogonal 
to x. 
(4) Since the pairing process occurs only at intersection points and the size of the segments 
is a critical parameter for the 3D pairing, the features in the binary image must be 
continuous both in 2D and 3D in order to avoid gaps that subdivide individual features 
and bias the analysis. 
(5) To maintain continuity through 3D pairing, the fracture separation algorithm uses the 
k-NN algorithm and the segment orientations to inspect the points surrounding the 
connection in both the slice under analysis and the previous one. Consequently, the 
script works better if fractures have distinct orientations, are not too physically close to 
other intersection points in 2D, and/or are not spatially overlapping between slices. The 
latter situation is particularly a problem for images comprising non-cubic voxels, as are 
commonly generated by medical CT scans, thus cubic voxel images are preferable for 
a such analysis. We cannot quantify the effect in our test dataset since only a non-cubic 
voxel scan exists; but, in future, sensitivity tests of the algorithm should be carried out 




3.3.7. Computation time 
The analyses we report here were carried out on a 6-core Intel Core i7-8750H @ 2.2 GHz 
processor with 32Gb RAM memory. On this platform, the FTP algorithm collected a total of 
~116,000 FTPs from an image of size 370x370x100 in approximately 35 seconds. The time 
required for subsequent analysis of any dataset will be influenced by the size of the image (more 
and larger rows and columns to inspect) and the number of FTPs recorded. 
The fracture separation algorithm is slower than the FTP one, but the processing time achieved 
for our trial dataset was still short, at approximately 6 minutes. This running time is highly 
influenced by the size of the image, the number of orientations and spatial coordinates collected. 
The final processing time increases exponentially for both large images and complex structures. 
On a cubic image of 1000 x 1000 x 1000 voxels, the computation time of the fracture separation 
analysis can be more than 12 hours, while the FTP analysis is less than 8-10 minutes (for a 
computer with the same processor described above). However, the computation time can be 
improved, for both the algorithms, by optimization of the Python code in future. 
 
3.4. Conclusions 
We have created an algorithm that detect fracture trace points (FTPs), and separates and 
recombines fractures in 3D CT datasets. We have demonstrated the individual and combined 
capabilities of the FTP and fracture separation approaches to characterize the fracture network 
in a trial dataset. The algorithm represents a substantial advance because: 
1. In three-dimensional X-ray CT scans of rocks, tight fractures are difficult to extract. To 
separate these features with standard thresholding techniques, the threshold range of 
gray values has to be increased, which leads to widening of large features, creation of 
artificial connections, and loss of small features into a darker background. Our FTP 
algorithm overcomes this problem by automatically isolating fracture traces and 
measuring local aperture-related parameters and one-dimensional fracture intensity in 
the gray scale image. Additionally, other information about the pixels surrounding each 
FTP are used to record local orientations. These can be used to better define the 
geometry of the fracture system studied even if individual features cannot be analysed. 
2. It has previously been difficult to individually inspect connected fractures in a scanned 
rock. We have developed a method to separate connected fractures so that the 
orientations, sizes and shapes of individual fractures can be described. To the best of 
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my knowledge, no fracture separation approaches have been previously developed for 
the analysis of fractures in CT images. 
The algorithms run quite fast and can potentially be applied individually or in combination on 
other CT datasets. The data generated could also be queried in ways not described in this paper 
to assess other aspects of fracture systems in future studies. For example, our algorithms could 
be applied to one set of fractures imaged at a range of different voxel resolutions to test whether 
the fracture parameters it measures display fractal behavior (cf. Hirata, 1989; Miller et al., 
1990). Finally, the algorithms described in this chapter could also be applied to filled fractures 
or veins. To explain this further, if the minerals filling the apertures have higher attenuation 
coefficients than the surrounding matrix, the profiles will show a valley-peak-valley shape that 
cannot be analysed by the FTP algorithm. However, the simple operation of inverting the image 
values creates a peak-valley-peak shape across the filled fracture/vein, without altering the 
aperture properties (i.e. FWHM, MA, PH) of the signal, and allows analysis by the methods I 
have already described.  
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CHAPTER 4. Structural and petrophysical properties of 
Neapolitan Yellow Tuff after triaxial compression 
4.1. Aims 
The Campi Flegrei Caldera in Naples, Italy, is a potential volcanic risk, but also a resource of 
geothermal interest, thus is currently actively monitored. Two main eruptions of this volcano 
produced thick ash deposits that are widespread within the caldera (Lirer et al., 1987; Orsi et 
al., 1992, 1996). The Neapolitan Yellow Tuff (NYT), which was generated during the second 
of these eruptions, ca. 15 kya, has been intensively used as building material since Greek times 
(Colella et al., 2017). Despite its industrial importance, the NYT’s petrophysical and 
mechanical properties have not been exhaustively described, however its volcanological and 
petrographical properties are well-characterized (Colella et al., 2017). The heterogeneity and 
textural complexity of the NYT was demonstrated by Colella (2017), who subdivided NYT in 
different facies based on different textural, mechanical, and petrophysical properties (Aversa 
and Evangelista, 1998; Hall et al., 2006; Heap et al., 2014). This is particularly evident in the 
high variability in porosities and permeabilities measured for NYT in different studies (Aversa 
and Evangelista, 1998; Nunziata et al., 1999; Giberti et al., 2006; Bolondi et al., 2007; Peluso 
and Arienzo, 2007; Asprone et al., 2009; Colella et al., 2009, 2013, 2017; Heap et al., 2012, 
2014, 2018; Di Benedetto et al., 2015; La Russa et al., 2017). Differences in these properties 
can lead to development of different failure structures, which critically influence the 
transmissivity of fluids within a geothermal system (Hanano, 2000). Thus, it is important to 
understand how fractures develop in NYT at pressure and how this parameter affects porosity 
and permeability. 
We have investigated the 3D development of fractures and porosity variation within 
experimentally-deformed NYT samples, employing X-ray computed tomography (CT) and 
laboratory experiments. Cylindrical samples were drilled from oriented blocks of Neapolitan 
yellow tuff collected in an open quarry on the edges of the Quarto Plain area, NW of Naples, 
Italy. The samples were deformed in a triaxial apparatus at a range of effective and fluid 
pressures, and strain rates, until failure. The structures that developed during loading were 
explored in 3D images of the deformed samples acquired using X-ray computed tomography 
(CT). Porosities measured through image analysis and permeabilities calculated from these 
using the Left-Identity-Right-Solver method, were compared with the equivalent petrophysical 
parameters recorded in laboratory tests. After loading, the samples experience overall porosity 
reduction purely due to mechanical compaction, especially those deformed at wet conditions, 
which experienced greater losses of small pores (< 26 µm) and failed at lower peak stresses. 
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However, bulk permeabilities did not decrease in deformed samples, because of fracturing. 
Fractures were also separated from the images, and their true orientations measured. These have 
similar orientations to faults and fractures previously described from field studies in the same 
study area, which developed under the stress field that is imposed by a combination of the 
regional tectonic stresses and the local volcanic activity. Since this stress field differs from that 
imposed during experiments, we infer that the tuff samples already contained microfractures 
developed during tectonic/volcanic loading, and that these were exploited during experimental 
loading to develop into macroscopic fractures.  
We also considered how fracture geometries relate to the densities of particles (pumices, lithics, 
and crystals) that they completely or partially transect. Relative particle densities were inferred 
from the attenuation coefficients of the particles and their internal porosities. Fractures are 
commonly debonded across the interface of matrix with particles with high attenuation 
coefficients, which have high densities and/or atomic numbers. Conversely, fractures typically 
penetrate into, and fork within low-attenuating particles with high intragrain porosity. 
 
The work presented in this chapter is not submitted to any journal. The contribution of each 
author is listed below: 
• The PhD candidate acquired CT images of the triaxially-deformed samples, analysed 
the images, performed post-deformation laboratory- and image-based measurements of 
porosity, and drafted the manuscript. 
• Primary supervisor Prof. Virginia Toy (Johannes Gutenberg-University, Germany, and 
Honorary Ass. Prof. at the University of Otago, New Zealand) supervised the work and 
contributed to the manuscript. 
• Dr. Philip Benson (University of Portsmouth, England) collected samples in the field 
and performed pre-deformation porosity measurements and triaxial tests on them. 
• Dr. Mai-Linh Doan (University of Grenoble Alpes, France) assisted with X-ray CT data 
collection. 
• Arne Jacob (University of Mainz, Germany) acquired permeability measurements on 
the images of the deformed samples. 
• Chiara Nardoni (University of Roma Tre, Italy) assisted with laboratory measurements 




The Campi Flegrei Caldera (CFC) is an active volcanic complex located in the south of Italy, 
west of Naples. This Holocene caldera underwent several explosive eruptions during the last 
48 kya, but its major structure developed in only two major events, which also generated 
widespread ash flow deposits (Lirer et al., 1987; Orsi et al., 1992, 1996). The first eruption 
generated the “Campanian Ignimbrite” (CI) ~39 kya and the largest (external) caldera (Rosi and 
Sbrana, 1987; Barberi et al., 1991; Perrotta et al., 2006); the second, ~15 kya, which was of 
smaller magnitude, produced the “Neapolitan Yellow Tuff” (NYT) (Lirer et al., 1987; Deino et 
al., 2004; Vitale and Isaia, 2014). The NYT, which has a volume of ~50 km3, was deposited 
over a broad area (> 1000 km2); but more than two-thirds of it (~35 km3) are confined within 
the caldera (Orsi et al., 1992; Scarpati et al., 1993).  
The Campi Flegrei area has been densely populated since Greek ages, and throughout this 
history the NYT has been favoured as a building material because it is readily available and 
easily worked (Heap et al., 2012). Due to the geological and historical importance of the NYT, 
researchers are interested in its geomechanical properties (Aversa and Evangelista, 1998; 
Nunziata et al., 1999; Di Benedetto et al., 2015; Colella et al., 2017; Heap et al., 2014, 2018). 
There are a multitude of volcanological and petrographical analyses, but few published 
mechanical and physical laboratory studies, and the heterogeneous nature of this complex 
material introduces substantial challenges to an exhaustive and complete characterization. 
Furthermore, most physical measurements so far have been made on undeformed surface 
samples, so petrophysical variations and structures that develop with loading have not been 
well-characterized (Aversa and Evangelista, 1998; Heap et al., 2014; Colella et al., 2017). 
We have examined NYT samples extracted from surface outcrop blocks taken from a quarry in 
Quarto (NW of Naples), outside the NNW border of the outer caldera (Fig. 4.1), where distal, 
pumice-and-ash fallout deposits predominate (Vitale and Isaia, 2014). Petrophysical and 
confined triaxial tests were undertaken at a range of effective pressures and strains to explore 
the NYTs porosity and permeability both before and after deformation. X-ray computed 
tomographic images of the samples were acquired to three-dimensionally visualize and 




Figure 4. 1 - Map of Campi Flegrei (CF) showing inner and outer rims (respectively, yellow 




4.3. Material Investigated 
After CI, NYT is the largest pyroclastic deposit of the Campanian Volcanic Area. This sequence 
was generated during the 15 kya phreatomagmatic eruption, followed by caldera collapse, and 
the subsequent deposition of pyroclastic fall and flow deposits (Orsi et al., 1992; Fedele et al., 
2011). The NYT comprises lower (LM) and upper members (UM). Of these, the LM is 
generally finer-grained and more widespread, comprising massive or stratified ash containing 
planar or cross laminations, pumice-and-ash, lapilli, and pyroclastic surge beds. 
Volumetrically-dominant UM deposits are characterized by ash with pumice and lithic 
fragments of different sizes (Orsi et al., 1992; Scarpati et al., 1993; Colella et al., 2017). They 
were deposited from pyroclastic density currents which had high particle concentrations in the 
proximal areas, and more dilute in the distal reaches outside the caldera rim (Wohletz et al., 
1995; Valentini et al., 2008). These deposits have two different diagenetic facies: well-lithified, 
greyish “Pozzolana”, and weakly-lithified, yellowish “Tufo”. The first is located outside the 
border of the outer ring while Tufo predominates inside the CFC (Scarpati et al., 1993). 
The petrophysical properties (such as porosity, permeability, and pore distributions) at surface 
conditions, have been explored for numerous surface-derived NYT samples, but only a few 
studies have investigated underground samples (Nunziata et al., 1999; Giberti et al., 2006). 
These studies highlight the variability of the petrophysical properties of this heterogeneous 
rock: porosities range from 35 to 65%, averaging 45%; permeabilities can vary between 10-13 
and 10-16 m2, and pore size distributions are commonly bimodal, clustering at the nano- or 
micro-meter scale depending on the pumice-matrix ratio and pumice sizes (Aversa and 
Evangelista, 1998; Nunziata et al., 1999; Giberti et al., 2006; Bolondi et al., 2007; Peluso and 
Arienzo, 2007; Asprone et al., 2009; Di Benedetto et al., 2015; Colella et al., 2009, 2013, 2017; 
Heap et al., 2012, 2014, 2018; La Russa et al., 2017). Colella et al. (2017) subdivided the 
lithological facies of the NYT into 4, namely MC, Q1, Q2, and NP. These facies can be easily 
distinguished by the pumice-matrix ratio or size of pumices inside the rock. For each facies, 
they measured bulk density, porosity, water absorption, uniaxial compressive strength (UCS), 
and pore size distributions.  
Our samples were collected from the “Liccarblock” quarry, where massive thick yellowish tuff 
deposits corresponding to the UM of the NYT crop out. Despite their massive appearance at 
outcrop- scale (Fig. 4.2a), hand specimen examination reveals the samples are quite 
heterogeneous, typically containing inversely graded strata (Valentini et al., 2008; Colella et 
al., 2009, 2013, 2017). Cylinders of ~40 mm diameter and ~100 mm length (volume of ~125 
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cm3), were drilled from blocks of tuff locally acquired from the same outcrop surface and 
oriented with a magnetic compass (Fig. 4.2). 
 
Figure 4. 2 – Pictures of the (a) outcrop from which the (b) blocks of tuff were collected. (c) 
One of the cylindrical samples extracted from these blocks. The sample positioned on the 





4.4.1. Triaxial deformation tests 
A series of triaxial tests were conducted using a conventional rock deformation apparatus 
(Sanchez Technologies) installed at the Rock Mechanics Laboratory, University of Portsmouth 
(Fig. 4.3a). Cylindrical samples of NYT were prepared using a diamond-tipped hollow core 
drill, and then machined to a length of 100 mm with the ends ground flat and parallel to within 
0.01 mm using a precision end grinder. Samples were encased in an engineered Nitrile jacked 
with 18 ports for a variety of sensors, in this case 12 Acoustic Emission (AE) sensors with the 
remaining ports blanked off (e.g. Fazio et al., 2017; Harnett et al., 2018; Benson et al., 2019). 
As the NYT is a ‘weak’ rock, the apparatus was operated in a specially developed mode 
whereby fluid was injected at a constant flow rate of 1 mL/minute from the loading pump into 
the top piston/intensifier assembly (Fig. 4.3a). This results in a smooth and constant 
deformation rate of 2 mm/hour without any feedback errors resulting from localised pore 
collapse when using a set deformation rate in the servo-feedback loop. A second pump 
independently provides confining pressure to simulate burial depth. In the experiments reported 
here, very low confining pressures, between 0.5 and 2 MPa were used, equivalent to 
approximately 42-170 m (density = 1200 kg/m3) depth respectively. Finally, a third pair of 
pumps provides port fluid pressures for selected samples independently to the top and bottom 
of the sample to allow pore fluid (water) flow rates and volumetric strains to be measured. By 
fixing upstream and downstream pore pressures and monitoring intensifier volumes with time, 
permeability can be calculated by the application of steady-state (Darcy) flow law (e.g. Gehne 
and Benson, 2017). All mechanical data were logged on a dedicated computer at 1 
measurement/second, with AE data pre-amplified by 60 dB and recorded on an Itasca-IMAGE 
“Milne” recorder at 10 MHz to measure both for both passive (AE), and record active (P-wave 
velocity) measurements by pulsing each sensor in sequence (e.g. Harnett et al., 2018). 
 
4.4.2. X-ray computed tomography 
X-ray computed tomography (CT) is a powerful technique that allows imaging of three-
dimensional objects. This technique is widely applied in different disciplines of the geosciences 
including petrophysics and volcanology (Al-Raoush and Papadopoulos, 2010; M. Polacci et al., 
2010; Baker et al., 2011; Verolino et al., 2019). The CT scanner comprises an X-ray source and 
detectors that record the attenuation of the emitted X-rays passing through the sample (Fig. 
4.3b). The output of this analysis, after initial processing and reconstruction of the raw 
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measured X-ray counts, is a stack of equally spaced 2D images orthogonal to the scanning 
direction that can be interpolated to build a 3D image. The results are generally displayed using 
a gray-scale colormap (Ketcham and Carlson, 2001; Kaestner et al., 2008) (Fig.s 4.4d, 4.6, 4.7). 
The elementary volume of the 3D image, which is called a “voxel”, has a specific gray value 
related to the attenuation of the material imaged in that specific position, which is a function of 
both mineral density and atomic number (Z). White voxels will characterize highly-attenuating 
materials (e.g. denser minerals), darker voxels low-attenuating materials (low-density 
minerals), while black voxels will result from no attenuation (e.g. voids and fractures). The 
interpolated image can be inspected in 3D using a volume rendering, which shows the voxels 
with a defined range of gray values, or in 2D by visualizing slices along different axis pairs. 
Commonly, x- and y-axes lie on the 2D slice orthogonal to the sample length, and respectively 
parallel and orthogonal to the detector panel; while the z-axis is parallel to the sample length 
and the z-value increases opposite to the scanning direction (Fig. 4.3b). 
NYT samples were imaged with an X-ray microtomography scanner Easytom-XL lab 
tomograph (RX-solution®) at the University of Grenoble (France). Scans were carried out at a 
target current of 103 A passing through an aluminium filter of 0.25 mm, with a tube voltage 
of 97 kV, and a resulting voxel size of ~26 µm for all samples (Fig. 4.2c). Additional scans 
were acquired using the TESCAN CoreTOM desktop µ-CT scanner in Ghent (Belgium). A 
small cylindrical plug (~3.5x3.7 mm) was scanned at a voxel size of 4.6 µm at 160 kV. The 
TESCAN CoreTOM also allows scanning of subvolumes within a sample (called volumes of 
interest; VOIs), at higher resolution without damaging (i.e., cutting) the sample. With such 
technique, a VOI was acquired at a voxel size of 5.7 µm at 160 kV, along the fracture of a 
deformed sample. The acquisition for all scans was helicoidal so that the final voxel size was 
only restricted by the diameter of the sample perpendicular to the scanning direction (Fig. 4.3b). 
Images were pre-processed in Avizo® software (Scientific, 2018), using a beam-hardening 
filter, to improve the image quality, and a crop was made to remove the background and 
separate a region of interest (ROI) in each sample. A machine learning algorithm within the 
image software Ilastik (Sommer et al., 2011; Berg et al., 2019) was then employed to threshold 
each greyscale image and convert them to binary forms (Fig. 1.2), from which total porosity 
was measured. Permeability was calculated by single-phase fluid-flow simulations using the 
commercial Left-Identity-Right-Solver (LIR), which is included in the software package 
GeoDict® (Linden et al., 2015). Permeability simulations performed by the LIR-Solver are 
based on solving the Stokes Equations to compute permeability using Darcys’ Law (Eq. 1). The 




 u⃗ = −
𝑘
η
(∇p − f ) [1] 
Where u⃗  is the fluid flow velocity, k the permeability,  the fluid viscosity, p the pressure, and 
f the force density field. This equation can be used to define the Stokes conservation of 
momentum equation (Eq. 2): 
 −η∆u⃗ + ∇p =  f  [2] 
The permeabilities of the rocks were simulated with symmetric boundary conditions in the flow 
direction and symmetric boundary conditions in the tangential direction with a pressure drop of 
100 Pa. Water with a density of 998.234 kg/m3 and a dynamic viscosity of 0.001 kg/ms was 
‘passed through’ the sample at a temperature of 21° C. As a convergence stopping criterion, an 
error bound of 5% was applied. This stops the iteration when the difference of calculated 
permeability after 100 steps drops below 5%. 
 
Figure 4. 3 – Simplified illustrations of (a) typical triaxial apparatus and (b) principal elements 




4.4.3. Physical measurements 
Connected porosity (a fraction of the total porosity) was estimated before and after triaxial tests 
using Archimedes’ method. Firstly, samples were dried in an oven for ~24 hours at a 
temperature of 80° C. The bulk volume (Vb in cm
3) was calculated geometrically by using the 
measured width and length of each sample or by immersing the sample, wrapped in an 
impermeable material, within a cylindrical container of known radius and measuring the 
volume of water displaced by the specimen. Sample weight (W in g) at dried (Wd) and saturated 
(Ws) conditions was measured using a precision scale (±0.0001 g). Once soaked in water, 
specimens were weighed at different time intervals (1 to 4 days) until each saturated weight 
reached a constant value (this took between 10 and 14 days) with an error of maximum 0.2%. 
By approaching the constant value, the average daily change in porosity recorded was of order 
of 0.1%, ranging from a minimum of 0.03% to a maximum of 0.2%. Connected porosity (in %) 
was calculated as the ratio between the volume of water inside the sample (Vp), measured from 
the difference between the two weights divided by the density of the water (𝜌w = ~1), and the 
bulk volume multiplied by 100 (Eq. 3) (Rilem, 1984; Hall and Hamilton, 2015). The bulk 
















4.5.1. Pre-deformation analyses 
Pre-deformation laboratory petrophysical measurements showed an average connected porosity 
of 45.5±0.8% and a bulk density of 11.5±0.1 kN/m3 (see Tab. A1 in Appendix). Petrographic 
images acquired from thin sections (Fig. 4.4) and CT scans (Fig.s 4.6, 4.7) of the NYT samples 
show that the particles (pumices and lithics) inside the tuffs are generally sub-rounded and of 
millimeter size (from ~0.2 up to 1 cm). Particles are immersed in a cineritic matrix of zeolites 
and clay minerals (Colella et al., 2009, 2013). Some pumice clasts have internal fabrics, 
commonly comprising vesicles stretched along the major axis of the particle; but others have 
isotropic internal fabrics (Fig.s 4.4, 4.6, and 4.7). There are also rare (<~5%) euhedral 
plagioclase crystals up to 2.5 mm long, typically confined within pumices (Fig. 4.4b, c, and d), 
while abundant (~20%) small crystals are present within the matrix. Based on the information 
obtained from the undeformed samples, we can infer that the studied samples belong to the Q1 
facies of the NYT, as defined by Colella et al. (2017). In his study, Colella (2017) describes 
facies Q1 as composed of pumices and lithics of millimeter size, an average bulk density of ~11 
kN/m3, and a mean porosity of ~47% (Fig. 4 and Tab. 5 in Colella et al., 2017). Our samples 
were collected in the same quarry (“Liccarblock”) as the samples identified as Q1 in the work 
of Colella (2017). The studied samples were acquired from only one outcrop and were drilled 
in a way that should have preserved the homogeneity of their physical and mechanical 
properties. No significant textural and lithological variations were observed in the CT images 
of the samples (Fig. 4.6, 4.7) and there are only small differences in porosity and bulk density 
measured (see Appendix A1). As described by Colella (2017), Q1 presents an average pore 
radius of 10.5 µm and a pumice-matrix ratio of ~0.35. Also facies Q1 are mostly composed of 
smectite (~6%), chabazite (~15%), phillipsite (~35%), analcime (~6%), alkali-feldspar (~23%), 
and amorphous material (~16%). 
Inspection of optical images of the undeformed sample (Fig. 4.4a) shows pores are distributed 
within both matrix and particles. In the latter there is typically a fabric defined by 
stretched/oriented pore spaces, whereas the porosity within the matrix does not display any 
preferred alignment. 
We also obtained permeability measurements of sample NYT-30 by means of the triaxial 





Figure 4. 4 - Photomicrographs of (a) an undeformed tuff sample and (b), (c) the deformed 
NYT-23. (d) is the corresponding CT slice. PPL = Plane polarized light; CPL = Cross polarized 
light. Porosity and crystals are displayed in white in PPL images; in CPL images pores are 




4.5.2. Post-deformation analyses 
Samples reached their peak stress at different magnitudes. In dry experiments, failure was 
mostly reached at average differential stress of 8.1±1.3 MPa, but a few samples (~20%) reached 
the peak stress at 4±0.6%; conversely, in wet conditions the average peak stress was around 
3.9±1 MPa (see Tab. A1 in the Appendix). Note that NYT-8 and NYT-20 were omitted from 
estimation of the average peak stress since they were deformed at very different conditions. 
Specifically, confining pressure in NYT-8 was not held constant but was increased from 0.5 
until 25 MPa to reach void collapse, which occurred at a differential stress of 0.4 MPa. 
Conversely, deformation of NYT-20 was stopped before rupture, at 5 MPa. 
During compression, the damage (i.e. fracturing) within the rock was recorded in the 
microseismic signature (i.e. waveform) of acoustic emissions (AE). The model proposed by 
King (2020) was used to define the rupture source mechanism (tensile, shear, collapse) from 
the waveform of each AE. Emissions related to compressional (C-type), tensile (T-type), and 
shear (S-type) ruptures were recorded in samples deformed in both dry and wet experiments 
(Fig. 4.5). C-type events are an important precursor to crack coalescence and can also relate to 
pore collapse. Conversely, T- and S-types, relating to tensile and shear fractures, respectively, 
are typically associated with the formation of new through-going shear fractures (King et al., 
2020). 
 
Figure 4. 5 - Rupture events recorded in the AE of dry (NYT-2, (a)-(c)) and wet (NYT-3, (d) – 
(f)) samples during the yield stage of deformation. C-type waveforms shows a neat P-arrival; 





After loading experiments, porosity of all samples was again measured employing the 
laboratory tests described in section 4.4.3, and by image processing. Regarding the latter, higher 
resolution images (i.e., the VOI scan at voxel size of 5.7 and the small plug at 4.6 µm) were 
only used for a qualitative description of the structures of the rocks after deformation (Fig. 4.7) 
since they only show a portion of the rock (i.e. the fractured or not fractured part), which is not 
representative of the whole sample; whereas the set of images acquired at a voxel size of 26 
µm, which includes the whole samples, was both used for qualitative and quantitative analyses. 
Optical images could not be used to assess porosity, since many different phases (i.e. pores and 
crystals) display the same colour (Fig. 4.4a, b, and c). 
A loss in porosity was measured in all samples in both laboratory- and image-based methods. 
Pore volume decreased from the initial 45.5% to an average of 35.3±2.9% calculated with the 
Archimedes’ principle. The mean porosities of samples deformed under dry conditions were 
higher (37.7±1.8%) than those measured under wet conditions (33.4±2.1%) (Tab. 4.1). 
Porosities calculated from segmented X-ray CT images of the NYT samples are lower than the 
laboratory-based ones for all samples and show an average porosity of 21.2±3.1% (Tab. 4.1). 
The average CT-porosity varies between samples deformed at wet and dry conditions in the 
opposite way to within the laboratory measurements: 22.8±2.3% and 19.1±3%, respectively. 
However, the absolute difference between laboratory- and CT-based porosity is smaller in both 
cases for samples deformed at wet conditions (10.6±3.6%) and greater for all others (18.6±3) 
(Tab. 4.1). 
Binary images of the pore volume were also used to compute permeability through single-phase 
fluid-flow simulations with LIR. An average value of 9.3x10-12 m2 was measured, and the range 
was between 1.6x10-11 and 9x10-14 m2 (Tab. 4.1). However, the permeability of NYT-30 (Fig. 
4.6d) measured in laboratory after its deformation is lower, 2.17x10-13 m2. Additionally, NYT-
30 presents one of the lowest values in laboratory-measured porosity between samples after 
triaxial tests (32.6%). 
Table 4. 1 - Post-deformation measurements of the laboratory- (LAB) and CT-derived (CT) 
porosities (ϕ) and permeabilities (k) of the scanned NYT samples. In italics, samples deformed 
at wet conditions. 
Sample LAB-ϕ (%) CT-ϕ (%) ϕLAB - ϕCT (%) LAB-k (m2) CT-k (m2) 
NYT-1 38.73 18.80 19.93  3.13x10-12 
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NYT-2 39.58 20.60 18.98  7.24x10-12 
NYT-3 32.33 22.00 10.33  9.15x10-12 
NYT-8 35.17 21.40 13.77  2.55x10-11 
NYT-10 31.05 22.50 8.55  5.68x10-12 
NYT-12 36.03 21.50 14.53  8.24x10-12 
NYT-20 29.55 28.00 1.55  1.50x10-11 
NYT-23 36.17 21.90 14.27  2.78x10-12 
NYT-26 36.11 15.10 21.01  9.07x10-14 
NYT-30 32.61 26.80 5.81 2.17x10-13 1.59x10-11 
 
The deformation structures developed after triaxial experiments within the samples were 
visually analysed from the 3D images. All scanned samples were deformed until failure and 
most of them developed through-going fractures visible to the naked eye (Figs. 4.2c and 4.6a, 
c, and d). Many also developed smaller fractures, which were sometimes entirely contained 
within the samples. These were only visible in the CT images, and even then only if they are 
larger than the voxel size of > 26 µm. These internal fractures developed at different dip angles, 
quite commonly in conjugate sets. Fractures that are shallowly- and steeply-dipping (< 20° and 
> 80°, respectively) are generally of type I (opening) (Fig. 4.6c, d), while those with moderate-
dips (~60°) are type II or III (compressional shear fractures). The latter appear to influence the 
trajectory of coeval joints that bend towards the sense of shear. Shear surfaces developed at 
moderate dip angles within fine grained material that contains particles (pumices, lithics, and 
crystals) of different sizes (Fig. 4.6a, c). These shear surfaces have higher porosities than the 
intact surrounding material, and this counteracts a decrease in overall porosity compared to the 
undeformed tuff, due to compaction. Indeed, most of the porosity of the samples is 
preferentially hosted in pumices, shear bands, and fractures (see NYT-20 in section 4.5, Fig. 
4.6b, and Tab. 4.1). During fracture propagation within the matrix, cracks’ trajectories seem to 
be highly influenced by pumice particles. Ponnusami et al. (2015) explored the fracture 
propagation behaviour when a matrix crack approaches an undamaged particle that is perfectly 
bonded to its matrix. Three different patterns were observed: (i) the crack penetrated through 
the particle without changing its path (Penetration); (ii) the crack deflected and propagated 
around the particle within the surrounding matrix (Deflection); (iii) the crack deflected at, and 
then propagated along the particle-matrix interface (Debonding). From the visual inspection of 
CT scans, during the propagation of matrix fractures, it seems that Mode I extension fractures 
are affected by particle penetration and debonding, while Mode II/III shear fractures are less 
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influenced by those processes (Figs. 4.4d, 4.6a, c, d and Fig. 4.7 b, c, d). No systematic 
difference in the structures developed is visible between CT scans of sampled deformed at wet 
versus dry conditions. 
 
Figure 4. 6 - 2D slices of the imaged samples showing fractures that variably penetrate through, 





Figure 4. 7 - High resolution CT scans of subvolumes in the tuff samples, showing their texture 
and micro-structures. (a) 2D slice of a small cylindrical crop from NYT-2; (b,c, and d) 2D slices 
of a VOI within NYT-10. 
 
All scanned samples were oriented geographically with respect to the outcrop. Thus, CT images 
were analysed considering the original orientation and calibrated (rotated and/or flipped along 
specific axes) so that true north lies parallel to the y-axis and points towards the top of the 
sample, and W and E respectively lie on the left and right of the x-axis. The zenith is along the 
z-axis and points towards negative values (Fig. 4.8b). Due to the high connectivity between 
pores and fractures, the latter were manually isolated (Fig. 4.8a) and the dip angle and dip 
direction of each was measured employing the methodology described by Cappuccio et al. 
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(2020) (Chapter 3) (Fig. 4.8b). The experimentally-generated fractures dominantly strike NNE-
SSW, and a secondary set strike NW-SE (Fig. 4.8c). 
 
Figure 4. 8 - 3D example of (a) the manually-separated fractures (the width of each labelled 
fracture is not representative of the true aperture of the fracture), the (b) reference system for 
the 3D orientation analysis (from Cappuccio et al., 2020), and (c) rose diagram of the strikes of 





4.6.1. Porosity and permeability 
The overall reduction in porosity measured through laboratory experiments is related to the 
compaction of the tuff during triaxial loading, which led to the closure of small pores. 
Measurements from laboratory experiments are more precise than those from CT scans, thus 
we use them for comparisons. Conversely to the studies of Heap (2014) that described a 
resistance of the NYT towards porosity loss (< 0.5%) under pressures < 10 MPa, higher losses 
were recorded at lower pressures. The reduction in porosity is particularly marked in sample 
NYT-20, which was compressed at dry conditions to a differential stress of 5 MPa without 
reaching rupture (the test was stopped). No brittle damage is evident on visual inspection of 
NYT-20’s surface (Fig. 4.6b), and only one small internal fracture is revealed in the 3D CT 
scans. The loss in porosity of ~16% in this sample (from the theoretical pre-deformation value 
of 45.5% to 29.6%) is much lower than the average for all the samples (~10%) and is also lower 
than that measured in NYT-30 (~13%, with a post-deformation porosity of 32.6%), which has 
one of the lowest porosities of all specimens that experienced a complete triaxial test. The 
difference between NYT-20 and the other samples is linked to the formation of shear and tensile 
fractures that contributed to increasing the connected porosity after the compaction phase. The 
importance of fracture porosity to total connectivity of permeability of the NYT has been 
previously noted both at shallow (>10 m) and great (> 2000 m) depths (Rosi and Sbrana, 1987; 
Zamora et al., 1994; Nunziata et al., 1999; Giberti et al., 2006).  
Porosities calculated from segmented X-ray CT images of the NYT samples average 21.2%, 
which is ~14% lower than the average of lab measurements (Tab. 4.1). We infer this reflects 
the fact that a large proportion of the pores in these samples are below the CT scanner resolution 
- only pores larger than the voxel size of 26 µm can be defined. Figure 4.7a clearly shows how 
more micropores, within both the matrix and the particles, start to be visible at higher 
resolutions and the textural complexity of such rocks. Colella et al. (2017) demonstrated that 
the average pore radius of the facies Q1 is 10.51 µm with a large fraction below 1 µm present 
in all facies (La Russa et al., 2017). We also note there is a smaller absolute difference 
(10.6±3.6%) between laboratory- and the CT-porosities in samples from the wet experiments 
than from the dry ones, and propose this reflects closure of a higher fraction of small pores 
during compaction in wet experiments.  
Giberti et al. (2006) attributed a decrease in porosity with depth (~8% at 800 m) in borehole 
samples to the presence of clay minerals rather than compaction; while Heap et al. (2014) 
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measured only a 10% of porosity reduction (from 44% to 34%) due to mechanical compaction 
during triaxial tests on surface samples at higher effective pressures (5-50 MPa) than were 
realised in our study. In our case, the percentage reduction in porosity (purely due to mechanical 
compaction) apparently reaches similar values at much lower pressures and depths than was 
observed by Heap et al. (2014) and Giberti et al. (2006). This can be related to the difference 
of the tuffs analysed that can accommodate stress differently and/or the conditions at which the 
tuffs were exposed. Also, we find no systematic correlations in the resulting petrophysical 
parameters or structures developed in samples deformed at different strain rates or effective 
pressures. 
The laboratory test performed on NYT-30 indicates that, despite a significant loss in porosity 
(from ~45% to 32.6%), permeability slightly increased from 2.23x10-13 to 2.17x10-13 m2. We 
interpret this small variation as a result of the formation of connected permeability in fractures, 
which increases the transmissivity of the rocks despite the loss in porosity. The undeformed 
permeability is similar to that measured on surface NYT samples by Giberti et al. (2006). The 
porosity extracted from the CT scans of sample NYT-30 was ~6% less than that measured in 
the laboratory, and the permeability measured by the LIR solver was higher than the laboratory 
one by two orders or magnitude (1.6x10-11 m2). Water permeability, estimated on the binary 
images through single-phase flow simulations, is unreliable because (i) a large percentage of 
pores could not be resolved due to the voxel size, and (ii) a coarse voxel size does not allow 
proper definition of the structures that obstruct flow, such as pore throats, and narrow channels, 
and can raise the true permeability up to ~30-40% (Heap et al., 2014; Saxena et al., 2019).  
 
4.6.2. Fracture analysis 
Considering the peak stresses reached in triaxial experiments, the wet NYT is weaker and yields 
at a lower peak stress (3.9±1 MPa) than the majority of the samples deformed at dry conditions 
(8.1±1.3 MPa). This weakening is also described in other studies and associated with the 
zeolitization (phillipsite and, subordinately, chabazite and analcime) of the NYT (de’Gennaro 
et al., 2000; Heap et al., 2018). The lower peak stress that characterizes some of the samples 
deformed at dry conditions (4±0.6 MPa) is unexpected, since in general fluids in pore space 
should reduce effective normal stresses and allow failure at lower peak stresses. The differences 
we describe may instead be related to the way a different arrangement of the particles distributes 
stress through the material. The fact that pumices decrease the mechanical strength of the NYT, 
has already been recognised (Hall et al., 2006; Ponnusami et al., 2015; Colella et al., 2017), and 
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proposed to indicate that failure commonly initiates at flaws within or on the surface of 
particles. 
 
In previous confined triaxial deformation experiments, when loaded to an effective pressure 
from 5 to 50 MPa at constant strain rate (10-5 s-1), NYT samples from Monte San Severino 
displayed macroscopically homogeneous deformation, accommodated by microcracking and 
microscopic pore collapse (Heap et al., 2014). The specimens analysed by Heap (2014) have a 
connected porosity of 43.8%, a dry bulk density of 12.5 KN/m3, and particles (i.e. pumices, 
lithics, and crystals) with sizes < 1 cm (Fig. 2a and Tab. 1 in Heap et al., 2014). These properties 
are not so different from the ones measured in the undeformed rocks of our study. However, 
our samples developed localized shear structures with an effective pressure lower than 11 MPa 
and constant strain rate of 10-5-10-6 s-1.  
We can infer mineralogical variations in matrix and particles from variations in the CT gray-
value of these features, which reflects their attenuation coefficient. Attenuation coefficients at 
100 keV, measured using the MuCalc tool (Hanna and Ketcham, 2017), are 0.627 for biotite, 
~0.465 for smectite, ~0.443 for K-feldspar, 0.376 for analcime, ~0.372 for phillipsite, and 0.365 
for chabazite. These are the main minerals present in the NYT (Peluso and Arienzo, 2007; Di 
Benedetto et al., 2015; Colella et al., 2009, 2013, 2017). Colella et al. (2017) showed that the 
presence of analcime and feldspars and low pumice content increases the Uniaxial Compressive 
Strength (UCS) of the NYT (which is reflected in higher ultrasonic velocities); conversely a 
higher percentage of phillipsite and pumices lowers UCS and ultrasonic velocities. Generally, 
the matrix inside tuffs is the result of minerogenetic evolution of the fine glassy materials. In 
the NYT, the resulting fine-grained (microlytic) minerals are zeolites (e.g. phillipsite, chabazite, 
and analcime) or feldspars (Colella et al., 2017). Our analysis of CT attenuation coefficients 
illustrates the matrix has lower average gray-value than the particles, reflecting greater 
abundance of phillipsite + chabazite (~50%) and minor analcime (~6%; Colella et al., 2017) . 
Localised micro-shears in our samples are concentrated in the matrix, and we infer this is related 
to the high percentage of matrix phillipsite which makes it softer than the clasts (Colella et al., 
2017). Petrophysical and structural information could not be systematically extracted from the 
complex photomicrographs of the thin sections, revealing the superiority of the CT technique 
in the description of fractures in this study (see Fig. 4.4b, c, d and Fig. 4.7b, c, d). The 
impossibility to extract the porosity from the photomicrographs is due the fact that many phases 
have the same colours (Fig. 4.4a, b, c). Furthermore, the fractures that are clearly seen in CT 
images are not revealed as clearly by the photomicrographs (cf. Fig. 4.4b, c, and 4.4d). For 
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these reasons, it is difficult to use the photomicrographs for petrophysical comparisons with CT 
images. 
By means of waveform characterisation, different types of ruptures were tracked within the AE 
signals during the yield deformation phase. Fracturing was recorded both in tensile (T-Type) 
and shear (S-Type) settings; the presence of C-type waveforms suggests that both pore collapse 
and coalescence of tensile (mode I) fractures to form through-going shear (mode II) fractures 
probably occurred. The latter fractures are those that now appear as conjugate sets in CT images 
(i.e. Fig. 4.8a). 
Fracture trajectories seem to have been highly influenced by the presence of the pumice 
particles within the tuff. This is consistent with previous studies of crack propagation, both 
within NYT (Hall et al., 2006), and in other materials. For example, Ponnusami et al. (2015) 
demonstrated through models that the trajectory of a matrix crack propagating toward a particle 
is most influenced by the mismatch in fracture strength and toughness of the matrix and the 
particle, with a lower contribution from differences in elastic moduli. Also, the presence of 
flaws inside or on the surface of the particle respectively favours fracture penetration or 
debonding, or creation of a new fracture that can coalesce with the principal one. We do not 
have measurements of fracture strength and toughness, or elastic moduli, of matrix and particles 
making up our samples, but can infer that particles and matrix of different composition will 
have different such properties, and therefore we analyse the relationship between fracture 
orientation and composition based on the gray-value of CT images. Segmenting our images on 
this basis reveals that fracture debonding (Hall et al., 2006; Ponnusami et al., 2015) is especially 
evident in particles with low intragrain porosity and the highest attenuation coefficients (Fig.s 
4.6c and 4.7b, d). Conversely, particles that have similar attenuation coefficients to the matrix 
and higher intragrain porosity commonly display particle penetration by fractures (or breaking) 
and formation of forked cracks (Bieniawski, 1967) (Fig.s 4.6a, d and 4.7b, c). As noted 
previously, the matrix is likely very soft due to high percentage of phillipsite; we propose this 
also favours the fracture debonding model. Also, high attenuating minerals (e.g. K-Feldspar) 
are mostly confined within particles, which appear brighter, and favour the fracture debonding 
model (Fig.s 4.4b, c, d and 4.7a). 
We differentiate three types of fractures developed during triaxial deformation based on their 
dip with respect to the maximum axial stress: shallowly-dipping, moderately-dipping, and 
steeply-dipping (Fig. 4.6a, c, d and 4.8a). Fracture orientations were first analysed by plotting 
strike directions on rose diagrams (cf. Nemec, 1988) and comparing these to the strikes of 
steeply-dipping fractures in outcrops near the location of our samples. The extremely rich 
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fracture and fault dataset reported by Vitale and Isaia (2014) from areas both inside and outside 
the CF rings, includes measurements from the Quarto Plain area at ~40.89N, ~14.12E, near 
where our samples were collected at 40.89141N, 14.10788E. They determined dominant 
extension directions trending WNW-ESE and NNE-SSW, perpendicular to the dominant strikes 
of fractures steeply-dipping (70°-90°) to the NNE-SSW and WNW-ESE. These structures are 
thought to be related by a complex interaction between syn-eruption ductile deformation and 
the regional stress regime, especially along the borders of the caldera (Vitale and Isaia, 2014). 
Valentini et al. (2008) characterized ‘fabric orientations’ based on preferred alignments of 
pumices, lithics, and crystals through image analysis (Capaccioni et al., 1997) of several NYT 
samples from the “Liccarblock” quarry to infer information about paleo-depositional 
mechanisms. They found that the particle long axes had a mean trend of NNW-SSE. We find 
the experimentally-generated fractures dominantly strike NNE-SSW, and a secondary set strike 
NW-SE. Because of the experimental deformation geometry, extension was perpendicular to 
the main fracture strike, namely WNW-ESE and minor NE-SW (Fig. 4.8c). Fractures with 
strike NNE-SSW and the extension direction WNW-ESE correspond to those measured by 
Vitale and Isaia (2014) at site 10, which they interpret to be related to volcanic activities because 
they are systematically oriented with respect to the local trend of the caldera outer rim. 
However, no similarities were found between the mean azimuth of particle elongation measured 
by Valentini (2008) and the orientations measured in the studied samples. The secondary set of 
“Appennine” (NW-SE) striking fractures shown in the samples display no systematic 
orientation relationship either to rock fabric or local stress directions from Valentini et al. 
(2008) and Vitale and Isaia (2014), respectively, but are consistent with the regional stress 
directions (Vitale and Isaia, 2014). These similarities indicate the samples already contained 
microfractures related to the local volcanic activity and regional stress field before the 
experiments. These fractures were activated during loading and influenced the orientations of 






NYT surface samples were deformed under triaxial load until failure at different effective 
stresses and strain rates and subsequently imaged with the X-ray CT technique to explore the 
structures developed and changes in petrophysical parameters. Porosity and permeability were 
measured before and after loading experiments by laboratory methods and image analysis, and 
brittle deformation was investigated within the 3D CT scans of the samples, imaged at a voxel 
size of 26 µm. Porosities and water permeabilities calculated from the images are unreliable 
due to the underestimation of the connected porosity and a voxel size too coarse to properly 
define pore structures. Despite this limitation, fractures could be inspected in 3D and reliable 
fractures orientations could be manually extracted; this has not been possible in prior studies 
(e.g. Heap et al., 2014). 
The main results of this study are summarized below: 
• In triaxial experiments, failure mostly occurred at 8.1±1.3 MPa in dry experiments and 
3.9±1 MPa in wet ones, lower than the failure strengths at low confining pressures 
determined in previous studies (Heap et al., 2014). Water weakening associated with 
zeolitization is common in the NYT (de’Gennaro et al., 2000; Heap et al., 2018). A 
smaller group of samples failed at lower stresses (4±0.6 MPa) at dry conditions. We 
attribute this to a different arrangement of pumices that decreases the mechanical 
strength of the NYT and locally favours fracture initiation (Hall et al., 2006; Colella et 
al., 2017). Different types of rupture (compressional, tensional, and shear) were also 
recorded, and recognised in microseismic acoustic emissions (AE). 
• The undeformed samples show a high matrix concentration of millimetre sized pumices, 
average porosity of 45.5±0.8%, and bulk density of 11.5±0.1 kN/m3, consistent with 
facies Q1 of Colella et al. (2017) (see Tab. A1 in the Appendix).  
• The mean porosity of deformed samples calculated through image analysis is 
21.2±3.1%, while that estimated in the laboratory averages 35.3±2.9% (Tab. 4.1). This 
porosity difference is due to the coarse voxel size (26 µm) of the images, that did not 
allow smaller pores to be detected. The porosity reduction is purely due to mechanical 
compaction.  
• One sample (NYT20 in Figure 4.6b) that was not loaded until it developed through-
going fractures exhibits the highest porosity reduction (29.6%), so we infer that fractures 
significantly increase porosity.  
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• Porosity reduction is more pronounced in samples loaded at wet conditions, which 
exhibit an average porosity of 33.4±2.1% compared to 37.7±1.8% in dry samples (Tab. 
4.1). The presence of water seems to favour the closure of small pores during 
compaction, which is demonstrated by a lower difference between the true porosity and 
the “macro-porosity” estimated from CT scans in these samples. 
• On sample NYT-30, an undeformed permeability of 2.23x10-13 m2 was measured in 
laboratory tests. Despite a significant loss in porosity, from the average of 45.5% to 
~33%, the calculated post-deformation permeability only slightly decreased (2.17x10-
13) due to fractures that increased the transmissivity of the samples. Permeability 
measurements were also carried out on the porosity system separated from the CT scans. 
Due to the low resolution, which prevented resolution of small structures, permeability 
was overestimated by the single-phase water permeability simulations at an average of 
~10-11 m2 (Tab. 4.1). 
• During compaction, strain localized in discrete shear bands focussed in matrix material, 
which was not observed in previous studies (Heap et al., 2014). Fractures commonly 
developed in a conjugate pattern at different dip angles, and some of them are related to 
shear bands (Fig. 4.8a). Shallowly- and steeply-dipping fractures are of type I, while 
shear fractures dip at moderate angles.  
• The trajectories of fractures are highly influenced by the mineralogy – analysed through 
a CT-value method - and intra-grain porosity of the particles they intercept. In particular, 
matrix fracture debonding along particle surfaces is common near particles composed 
of high attenuating minerals (in our case: biotite, smectite, and K-feldspar) and low 
internal porosity; whereas, particle penetration (or crushing) and fracture bifurcation 
generally occurs in presence of particles with high inner porosity and/or minerals of 
lower attenuation coefficient (e.g. phillipsite and chabazite). 
• The fractures developed in loading tests mostly strike NNE-SSW, similar to the 
directions of faults and fractures measured in the field (Vitale and Isaia, 2014), with a 
second trend NW-SE. These similarities suggest that microfractures developed in the 





We thank the Terrestrial Magmatic System Research Platform (TeMaS) for funding in support 
of this project. We also thank Prof. Stefano Vitale for providing the orientation data published 




CHAPTER 5. Analysis of vesicularity in lapilli by means of 
synchrotron X-Ray µ-CT images 
5.1. Aims 
Explosive volcanic eruptions display a range of styles ranging from effusive (Hawaiian and 
Strombolian) to violent (Sub-Plinian and Plinian) (Walker, 1973). Due to the high potential 
impact of these phenomena on society, volcanologists study volcanic systems to mitigate the 
level of unpredictability and assess the associated risks. Some of the most potentially hazardous 
eruptions occur underwater, such as in oceanic ridges and deep-oceanic volcanoes (Soule, 
2015). The work presented in this chapter, which examines samples collected by Dr. Andrea 
Verolino (currently at the Earth Observatory of Singapore) as part of his PhD research, 
contributed toward a holistic understanding of the shallow-water volcanic eruption that 
occurred in the Pleistocene at Black Point, California.  
Shallow subaqueous to emergent basaltic eruptions, hereinafter referred to as “Surtseyan” 
(White, 1996), have been widely studied since the Surtsey eruption in 1963. Their subaerial 
products plot with "excess ash" on the classification diagram of explosive eruptions proposed 
by Walker (1973), and this has been widely inferred to reflect the influence of external water 
on the eruption dynamics, pre- and post- fragmentation. 
Surtseyan volcanoes typically form in shallow waters in either marine, lacustrine or subglacial 
settings (e.g., Thorarinsson, 1967; Smellie and Skilling, 1994; Belousov and Belousova, 2001; 
White, 2001). Emergent phases are hazardous to humans. Queiroz et al. (2008) demonstrated 
how, among different eruptive styles, submarine emergent activity presents a reasonable risk of 
future activity at Sete Cidades volcano (São Miguel Island, Azores). Sandri et al. (2012) 
provided a quantitative probabilistic hazard assessment for base surges resulting from possible 
phreatomagmatic eruptions, including those initiated in harbours or lakes, based on study of the 
Auckland volcanic field, which is situated in a densely populated area. Becerril et al. (2013) 
outlined the importance of assessing the volcanic hazard of El Hierro island, especially after 
the submarine eruption (300 m b.s.l.) in 2011, which negatively impacted the local tourism 
industry and thus the local economy for the whole duration of the eruption (October 2011 – 
February 2012; Martí et al., 2013a, b). These are only a few examples of how volcanic eruptions 
that initiated in shallow water, particularly their emergent phases, can pose significant hazards 
to human activities, yet they justify further study of such systems. 
Surtseyan eruptions that breached the water surface have been widely observed and studied 
(e.g., Thorarinsson, 1967; Lajoie, 1968; Waters and Fisher, 1971; Cole et al., 2001; Nemeth et 
al., 2006; Martí et al., 2013b, 2013a; Schipper and White, 2016), but establishing what happens 
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below the water remains a scientific challenge. To date, no direct observations of subaqueous 
phases of a Surtseyan eruption have been reported. However, there are other ways to assess 
these eruptions’ dynamics. One is through analog experiments (Büttner et al., 2002; Cantelli et 
al., 2008; Verolino et al., 2018a) and modelling (Sequeiros et al., 2009), and another is by 
studying the deposits that originated from these eruptions and were subaqueously emplaced 
(e.g., White, 1996, 2001; Cole et al., 2001; Baker et al., 2002; Sorrentino et al., 2011; 
Moorhouse et al., 2015; Colombier et al., 2018). Furthermore, very few published studies have 
focused on ash dispersal from Surtseyan eruptions (Belousov and Belousova, 2001; Werner and 
Nürnberg, 2014; Gjerløw et al., 2015; Liu et al., 2017; Verolino et al., 2018b). 
At Black Point we investigated both edifice deposits that were formed subaqueously, and ash 
layers that originally were dispersed over or through, and subsequently were deposited in, 
water. Black Point volcano erupted into Lake Russell about 13,000 years ago, from a depth of 
100 m. Our general aim was to reconstruct the sites and nature of fragmentation, eruptive 
dynamics, and modes of particle dispersal through the course of the eruption. Building on 
previous studies of Black Point (Lajoie, 1968; Custer, 1973; Murtagh and White, 2013), we 
based our analysis on a comprehensive suite of data that will also support future comparisons 
among different Surtseyan systems.  
The entire study, which is shown in its completeness in Appendix B, included field analyses, 
targeted sampling of edifice and ash-sheet deposits, sieve and laser-diffraction granulometry of 
ash-rich proximal and medial deposits, energy-dispersive X-ray spectrometry of glass in edifice 
and ash-sheet pyroclasts, particle micro-tomography, and 2D particle-shape analysis of the ash 
fraction. The combination of field observations, targeted sampling of the entire eruption 
sequence at different sites (with associated grain size analysis), geochemical data, and CT 
image analyses from the same sites provided insights about the dynamics and timing of 
formation, transport and emplacement of tephra at Black Point. Subsurface processes prior to 
the eruption were explored through analyses of pyroclast total vesicularity and connectivity, (as 
explained in this chapter) and particle shape analysis. Combining these techniques allowed us 
to reconstruct the course of the eruption at this Surtseyan volcano, and provides a basis for 
exploration of similar systems, even those in less accessible environments (e.g., Surtsey).  
This combined approach is designed to address a still-open debate among volcanologists about 
the role of external water in phreatomagmatic eruptions (terminology after Fisher and 
Schmincke, 1984, for all types of magma-water interactions): are there proxies that reliably 
distinguish these events from classical magmatic eruptions where no external water is involved? 
White and Valentine (2016) argue that individually, none of the several "fingerprints" generally 
used to infer "wet" versus "dry" eruption conditions (e.g., vesicularity, particle shape, 
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abundance of lithic clasts, abundance of fine ash) can be considered diagnostic, and urge 
consideration of multiple types of evidence to assess water involvement in eruptions. 
 
The work presented in this chapter describes my contribution to the study and comprises a 
detailed and extended part of a manuscript that was published with Dr. Andrea Verolino as lead 
author in the Journal of Volcanology and Geothermal Research. The contribution of each author 
to the work, ordered as shown in the manuscript, is listed below: 
• Dr. Andrea Verolino (currently at the Earth Observatory of Singapore, Singapore) was 
primarily responsible for data collection, reduction and interpretation as a whole, and 
writing of the manuscript. 
• Prof. James D. L. White (University of Otago, New Zealand) actively participated with 
the volcanological interpretations and manuscript review. 
• Dr. Tobias Dürig (University of Otago, New Zealand) assisted with the two-dimensional 
shape analysis and interpretations on ash grains. 






The Black Point volcano belongs to that classes of volcanoes named “Sutseyan”. The term 
“Surtseyan” identifies all those volcanoes that experienced shallow subaqueous to emergent 
basaltic eruptions in marine, lacustrine, or subglacial settings (White, 1996). The name is 
derived from the Surtsey eruption in 1963, after which these types of volcanoes have been 
widely studied. The difference between Surtseyan and other types of eruption is the strong 
influence of the water during the eruption event (both pre- and post-fragmentation processes) 
and the high volume of ash deposits produced due to this particular interaction. 
Black Point is an inactive volcano located on the NW border of Mono Lake, California (US) 
(Fig. 5.1). The volcano formed ~ 13 kya, during a subaqueous to emergent basaltic eruption in 
Lake Russell, a Quaternary pluvial lake of the Great Basin, whose remnant is the current Mono 
Lake (Russell, 1885; Gilbert, 1890). The eruption was ~100 m below the water level and 
produced 0.83 km3 of material, which was erupted and deposited underwater (Custer, 1973). 
Black Point has, from a top view, a circular shape with a diameter of ~1.3 km, and its edifice is 
130 m high (2118 m a.s.l.). In the work presented in this chapter, mound and distal pyroclastic 
deposits (i.e. lapilli) of Black Point were investigated by means of the analysis of 3D images 
acquired with a synchrotron X-ray µ-CT device, in order to describe the vesicularity of these 
rocks in terms of total volume and connectivity. The total volume of vesicles allows to gain 
critical geological information about magma fragmentation (by assessing vesicle nucleation and 
expansion); whereas, from the measurements of connectivity of vesicles we can infer how 
strong was the process of degassing in the volcanic duct. 
For an exhaustive geological description of the volcano, the reader can refer to the paper of 





Figure 5. 1 - Location of the Black Point Volcano. The white dotted circle defines the border of 
the edifice, whereas the yellow circle and star identify the locations where edifice and distal 





5.3. Material investigated 
Edifice and distal ash deposits (i.e. lapilli) produced during the eruption of the volcano were 
analysed. A total of 21 samples were collected and scanned by Dr. Andrea Verolino to obtain 
high resolution three-dimensional images of the vesicles within those lapilli. Of these 21 
samples, 12 were collected at the edifice and named “Mound”, while 9 samples were acquired 
at the distal location named “Site A” (Fig. 5.2). Mound samples were collected in a quarried 
area on the SW side of the edifice from lower-medium to upper levels of the mound (between 
~1974 and ~2030 m a.s.l.) (top Fig. 5.2); Site A samples were selected from a ~6 m sequence 
of ash deposits, at 2 km west from the centre of the edifice (bottom Fig. 5.2). 
 
 
Figure 5. 2 – Images of some lapilli samples of the Black Point Volcano. The yellow circle and 
star identify the location (on the map in Figure 5.1) were these samples were acquired. 
All the 21 samples were scanned by Dr. Andrea Verolino at the Australian Synchrotron in 
Clayton, Australia. The samples were analysed using a ruby detector (hutch 2B), which allowed 
acquisition of medium to high resolution images (pixel size 6 µm) and CT at a suitable field of 
view and grain size (detector specifics reported in Hall et al., 2013). This setup allowed the 
analysis of multiple grains at a time, taking approximately 15 min per run. For each run, the 
grains were fixed on a syringe, in turn positioned on a rotating plate (0–180°) at a distance of 
100 mm from the source. An accelerating voltage of 30 keV was used and 1810 scans were 
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obtained (2.0 s exposure) for all samples. For image reconstruction the X-TRACT software, 
available through the Australian Synchrotron server, was used to obtain a stack of 8-bit images. 
For data analysis I used the commercial software AVIZO® 9.4.0. The voxel of the CT images 
acquired is cubic and its size is 6 µm, which allows a proper representation of the vesicle 
population within the samples as specified in the PhD thesis of Dr. Andrea Verolino (Fig. 5.3). 
 
 





Within each grain I defined and analysed a “volume of interest” (VOI) rather than the whole 
grain. The VOI's were chosen in relation to the size of the grain (the larger the grain the larger 
the VOI), to represent the whole grain in a well-defined volume and avoid background issues 
in vesicularity measurements (Fig. 5.4). Total vesicularity was calculated as the ratio between 
total vesicle volume within the VOI and the VOI volume. To calculate connected vesicularity 
for each grain I divided the volume of the largest “vesicle” (a volume of interconnected void 
space with total volume usually two or three orders of magnitude larger than that of the second 
largest one) by the VOI volume. 
 
 
Figure 5. 4 - Volume of Interest (VOI) within the grains in (a) 3D and (b) 2D (within the red 
dotted square). 
To obtain a reliable and robust segmentation of the vesicles from the µ-CT images, two different 
types of thresholding were carried out and their results combined: first a global interactive 
thresholding, which allowed separation of the larger vesicles (black, with values between 0 and 
~60) from the matrix (light grey-white, with values between ~60 and 255); then the “black Top-
Hat” thresholding technique, which worked across grey-scale features with values ~60 (or 
higher) allowing separation of smaller vesicles from the matrix (Fig. 5.5). The same workflow 
and thresholding values were applied to all samples for consistency. Note that I did not apply 
any process to separate complex and large vesicles into smaller and simple ones (e.g., dilation 





Figure 5. 5 – 2D CT slices showing the original grayscale image (a) and the application of the 




5.5. Results and Discussions 
The size of the VOI, the total porosity and connectivity measured for the 21 samples are shown 
in Table 5.1. An average VOI of ~1.44 mm3 was isolated from the grains. The total vesicularity 
ranges from low (~14%) to medium (~43%) values. However, the average total vesicularity is 
slightly lower in Mound (~24%) compared to the distal deposits in Site A (~35%). These low 
to medium values of total vesicularity suggest there was very little vesicle nucleation and 
expansion, thus this process made minor or no contribution to the fragmentation of the magma, 
which instead probably occurred due to the magma-water interaction. The average connectivity 
is generally quite high and averages ~85%. In mound deposits the connectivity is about 83%, 
whereas it is ~99% in Site A samples. The high connectivity indicates that during the eruption 
process, vesicle coalescence was an important process. This would have facilitated outgassing 
of the magma. 
Table 5. 1 - Image analysis measurements on the lapilli samples. 
Deposit Sample code VOI (mm3) Total vesicularity (%) Vesicle connectedness (%) 
Mound 
M1_1 2.33 21 87.4 
M1_3 1.37 28 94.8 
M1_4 1.98 34 95.3 
M2_1 1.79 21 85.8 
M2_2 2.19 18 89.7 
M2_5 1.50 38 99.5 
M3_1 1.45 18 75.3 
M3_2 0.75 31 98.2 
M3_3 2.28 23 91.4 
M4_1 0.54 14 59.4 
M4_2 1.86 15 20.1 
M4_4 2.79 22 94.1 
Site A 
A2_2 0.47 35 99.7 
A2_3 0.18 39 99.8 
A2_4 0.19 32 98.9 
A4_1 0.83 43 99.8 
A4_2 1.38 25 95.1 
A4_3 1.62 36 99.6 
A6_2 1.68 25 98.1 
A6_3 1.61 37 99.6 




5.6. Concluding remarks based on my analysis 
The conclusions based on the measurements I acquired from the µ-CT images are: 
• High interconnected porosity indicates strong vesicle coalescence and probable outgassing 
during the eruption of the Black Point volcano. 
• Low- to medium-total vesicularity suggests that vesicle nucleation and expansion played 





CHAPTER 6. Conclusions 
The works presented in this thesis highlight the potential and complexity of application of the 
X-ray computed tomographic technique to the geosciences, with a focus on the characterization 
of petrophysical properties, such as porosity and permeability, and the structures (i.e. fractures) 
within the rock samples analysed. 
In contrast to pore-based analyses, quantifying fracture properties of a rock system is difficult 
due to X-ray scanning artifacts (particularly the PVE) and image-related constraints (see section 
3.3). To summarise, (i) tight fractures are difficult to separate with global thresholding 
techniques due to the effect of the PVE; (ii) an incorrect global thresholding can lead to wrong 
estimation of the FOIs, as explained in Chapter 3, thus returning incorrect fracture 
measurements; (iii) also, fractures in which voxels are connected cannot be separated and 
individually characterized. Two methods were presented in Chapter 3 to overcome these 
limitations and allow fractures to be objectively and individually geometrically defined. The 
first approach allows fractures to be locally defined by acquiring 2D and 3D measurements of 
fracture size and orientation, while the second analyses a fracture network and separates the 
skeleton of the fracture system in segments that are paired in individual fractures following 
orientation and geometrical criteria (see section 3.2.3). Every separated skeleton (i.e. fracture) 
is then connected to all the local measurements (e.g. fracture aperture, orientation) acquired 
across the fracture to define its geometry. The work presented demonstrates that a more 
objective and efficient way of characterizing fracture properties (e.g. orientations, fracture 
rugosity, mean aperture, etc.) of an imaged rock sample can be performed by combining these 
two approaches. Thus, it is possible to overcome some of the earlier limitations when 
characterizing fractures in images. The python code developed automatically records other 
properties of the fractures, which will allow quantification of different parameters in future 
studies. The methodologies developed can be also applied individually if that is appropriate for 
other future studies. 
However, in a dual-system porous media with high connectivity, fractures and pores are 
extremely difficult to separate to obtain individual geological information. Therefore, the 
methodologies employed in Chapter 3 could not be applied directly in the work presented in 
Chapter 4, where fractures developed during the triaxial deformation of Neapolitan Yellow Tuff 
(NYT), which are extensively and complexly connected to porous clasts, could not be 
automatically separated. Instead, these were manually thresholded and their true orientation 
measured using PCA (section 3.2.2.2). Fractures of type I and II and conjugate arrangements 
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were generated during loading. Open fractures are steeply- (> 80°) and shallowly-dipping (< 
20°), while shear fractures tend to dip at moderate angles (~60°) and locally influence the 
trajectory of coeval joints that tend to bend toward the sense of shear. During compaction, strain 
localized in discrete shear bands, which was not observed in previous studies (Heap et al., 
2014). Fractures dominantly strike NNE-SSW with a secondary set striking NW-SE. The main 
orientation is comparable to previous measurements of faults and fractures in outcropping NYT 
nearby the study area, and interpreted to be related to volcanic activities and the local orientation 
of the outer crater rim; while, the secondary set of “Appennine” (NW-SE) striking fractures is 
coherent with the regional stress directions (Vitale and Isaia, 2014). These similarities suggest 
the natural samples already contained microfractures that influenced the orientations of 
fractures developed during subsequent experimental loading. 
Visual inspection of the µ-CT images revealed the impact that mineralogy and intragrain 
porosity have on fracture trajectories within NYT. The work highlighted that inside the NYT 
particles (e.g. pumices) with low gray values (e.g. zeolite minerals such as phillipsite and 
chabazite) tend to be penetrated by fractures and that cracks fork within them (in case of high 
intragrain porosity); conversely, if the fracture runs into a particle with high gray value (in our 
case: biotite, smectite, and K-feldspar) and low intragrain porosity, it commonly bends and 
propagates along the matrix-particle interface.  
During triaxial tests, dry NYT specimens mostly failed at pressures of 8.1±1.3 MPa, while 
failures occurred at lower pressures (3.9±1 MPa) in saturated samples due to the water 
weakening associated with the zeolitization of the NYT (de’Gennaro et al., 2000; Heap et al., 
2018). However, some of the dry specimens failed at lower pressures (4±0.6 MPa). This may 
reflect a different arrangement of pumices, since these have lower mechanical strength than the 
bulk NYT and locally favour fracture initiation at their margins (Hall et al., 2006; Colella et al., 
2017). 
Porosity, bulk density, and the inspection of the particles’ (i.e. pumices, lithics, crystals) sizes 
within the images allowed definition of the facies of the studied rocks, namely facies Q1 of 
Colella (2017). Undeformed samples showed average porosities of 45.5%, bulk densities of 
11.5 KN/m3, high matrix concentrations and millimeter sized pumices. After triaxial tests, all 
NYT samples experienced a porosity loss of ~10%, from 45.5% to 35.3% as shown by 
laboratory analyses. Porosity reduction is more pronounced in samples loaded at wet 
conditions, which exhibit an average porosity of 33.4% compared to 37.7% in dry samples 
(Tab. 4.1). The loss is more severe in samples that did not develop through-going fractures such 
as NYT-20, which has a post-deformation porosity of 29.6%. Conversely, samples that 
experienced rupture have porosities on average 6% higher than NYT-20. We attribute this rise 
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to the contribution of fracture porosity. Fissural porosity has been previously recognised to 
occur naturally in NYT at a range of depths (Rosi and Sbrana, 1987; Zamora et al., 1994; 
Nunziata et al., 1999; Giberti et al., 2006). µ-CT images were also used to compute porosity, 
obtaining a mean value of 21.2%, which is ~14% lower than measured in the laboratory 
(35.3%). This difference is related to the resolution of the image; the voxel size used (26 µm) 
is coarser than the smallest pores measured in previous studies (Colella et al., 2017; La Russa 
et al., 2017). The difference between laboratory- and CT-estimated porosity reveals that the 
presence of water seems to favour the closure of small pores during compaction. A smaller 
difference in porosity is systematically found in samples deformed at wet conditions. 
Another side-effect linked to low resolution images that the permeability calculated by flow 
simulations is overestimated in samples with coarse voxels; even with correct values of 
porosity, small features that present obstacles to the flow are unresolved thus conductivity 
increases (Saxena et al., 2018). This is evident in the estimated water permeability computed 
with flow simulations, which is relatively high in post-deformation samples (~9.3x10-12 m2) 
despite the underestimation of the fraction of porosity beneath the image resolution. In support 
of this, the post-deformation permeability measured in the laboratory on NYT-30 (2.17x10-13 
m2) is lower than that measured by LIR simulation (1.6x10-11 m2) on its 3D image, even though 
the porosity of the latter is underestimated by ~6% compared to that measured in laboratory. 
Also, despite the loss in porosity after compaction (from the theoretical ~45.5% to the measured 
32.6%), the undeformed permeability slightly differs from the post-deformation one: 2.23x10-
13 and 2.17x10-13 m2, respectively. We attribute this to the presence of fractures that increased 
transmissivity within the deformed samples.  
In Chapter 5 it was shown that high-resolution data allows more robust information to be 
acquired, but this is at the expense of the size of the sample scanned. In this work, I analysed a 
total of twenty-two samples of fine to medium grained volcanic lapilli (1500 to 8000 µm in 
diameter) that were collected from the Pleistocene Black Point volcano, and scanned at the 
Australian Synchrotron (Clayton) providing images with a voxel resolution of 6 µm. The 
twenty-two µ-CT scans include data from seven samples collected in two areas, four in the 
mound and three in site A; in each sample, µ-CT of three grains with relatively low, medium, 
and high vesicularity were analysed to three-dimensionally characterize total vesicularity (total 
porosity) and connectivity (connected porosity/total porosity) through a double-thresholding 
approach in Avizo®. The overarching aim of the study that these analyses comprised part of, 
was to understand the role of the volatiles during the Surtseyan eruption of the Black Point 
volcano sited in Mono Lake (California, USA), which generate the vesicularity in the samples. 
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Total vesicularity in all samples ranges from a minimum of 14% up to a maximum of 43%. 
Samples from the mound have an average total vesicularity of 24% (14-38%), while the ones 
from Site A shows a higher mean vesicularity of 35% (25-43%). Values of connectivity in 
mound samples are between 20.1% and 99.5% (average ~83%), and in samples of Site A ranges 
from 95.1% to ~99.8% (average ~99%). These values demonstrate that Black Point lapilli have 
high connectivity, indicating strong bubble coalescence and probable outgassing during the 
Surtseyan eruption. Additionally, a consistently low to medium vesicularity (< 45%) suggests 
that vesicle nucleation and expansion played little or no role in magma fragmentation, which 
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Appendix A1 - Pre- and post-deformation (def.) measurements from laboratory- and 
CT-derived analyses made on NYT samples 
Table A1 - In bold samples that have been imaged and in italic the ones deformed at wet 





































NYT-1    38.7 18.8 19.9  3.1e-12 0.5 8 
NYT-2 46.0 11.5  39.6 20.6 19  7.2e-12 0.5 7.9 
NYT-3 45.8 11.4  32.3 22.0 10.3  9.2e-12 0.5 3.5 
NYT-4 44.9 11.6       1.2 8.6 
NYT-5 44.8 11.6       2.4 8.2 
NYT-6 45.2 11.7       1.7 7.5 
NYT-7 47.1 11.4         
NYT-8 44.6 11.2  35.2 21.4 13.8  2.6e-11 0-24.5 0.4 
NYT-9         2.1 8.3 
NYT-10    31.1 22.5 8.6  5.7e-12 0.5 3.6 
NYT-11         0.3 4.1 
NYT-12    36 21.5 14.5  8.2e-12 1.2 5.4 
NYT-15         1.5 4.7 
NYT-16         1.5 6.7 
NYT-17         1.5 7.5 
NYT-20    29.6 28.0 1.6  1.5e-11 1.5 Stopped 
NYT-21         1.5 3.4 
NYT-22         1.5 7. 
NYT-23    36.2 21.9 14.3  2.8e-12 1.5 10.6 
NYT-25         1.5 10.3 
NYT-26    36.1 15.1 21  9.1e-14 1.5 9.6 
NYT-28         1.5 6.1 
NYT-29         1.5 6.9 





Appendix B1 - Black Point – Pyroclasts of a Surtseyan eruption show no change during 
edifice growth to the surface from 100 m water depth 
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Geology Department, University of Otago, PO Box 56, Dunedin 9054, New Zealand 
 
Geological setting and study area 
Black Point is located in the Mono Basin (a post-Miocene structural depression), c. 25 km east 
of the Central Sierra Nevada (inset in Fig. 5.1a). It formed in Lake Russell, one of the 
Quaternary pluvial lakes of the Great Basin (Russell, 1885; Gilbert, 1890). At 13,000 yr B.P., 
Lake Russell reached its maximum highstand as a result of deglaciation (Lajoie, 1982; Benson 
et al., 1990), and throughout much of the Pleistocene maintained a level far above its remnant, 
the modern Mono Lake, which is saline and hydrographically closed. Larger canyons and 
creeks (e.g. Lee Vining creek, Wilson Creek) enter on the western and northwestern margins 
of Mono Lake, substantially decreasing in number and size eastward. Local winds were 
dominantly from the southwest during deglaciation (Lajoie, 1968), and Black Point's 
northeasterly ash dispersal indicates eruption during typical wind conditions of the time (Lajoie, 
1968). 
Black Point (Fig. 5.1b) is 1.3 km in diameter and 130 m high (2118 m a.s.l.), lies on the northern 
shore of Mono Lake, and formed as a subaqueous to emergent basaltic volcano in Lake Russell. 
The eruption began 105 m below the water level (Custer, 1973) and it is inferred that the 
subaqueous phase of eruption built up a volcanic mound (terminology after White, 2000), with 
minor late-stage edifice emergence allowing formation of a cluster of low tuff rings. The 
eruption is estimated to have produced 0.83 km3 of material (Custer, 1973), most of which 
formed and was emplaced underwater. The mound is composed of sub-horizontal layers of 
glassy, unaltered, unlithified tephra. Lithic clasts are scarce, but where present include creamy-
white lacustrine sediments, up to 20 cm in length (Murtagh, 2011). Also, occasional composite 
bombs can be found in the mound deposits. Higher in the stratigraphy tephra is more indurated, 
with a transitional grey tuff deposit separating them from the uppermost, well-lithified tuff-ring 
deposits (after Murtagh, 2011). The mound has a broadly flat top, on which the palagonitized 
tuff-ring deposits lie. Lithic clasts are more common in the tuff-ring deposits (Murtagh, 2011), 
and are granitic and metamorphic rocks, thought to be sourced from Sierran glacial gravels 
(Christensen and Gilbert, 1964; Scholl et al., 1967; Custer, 1973). The rings also contain 
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fragments of lacustrine sediment, composite bombs and lapilli, and dike fragments (see example 
in Appendix B2, Fig. B2.1). Unlike in the lower unconsolidated mound deposits, the tuff-ring 
deposits have in many places steeply dipping beds (up to ~45°), and are cut by numerous 
angular unconformities formed when channels were cut into earlier tuff-ring layers then infilled 
by the subsequent deposits. Satellite imagery suggests that as many as five full to partial rings 
were constructed (Fig. 5.2). The presence of armoured lapilli (White, 2000) in some beds, and 
segregation of fine and coarse grains in others (Sohn, 1996) within the tuff rings indicates 
deposition from wet and dry pyroclastic currents respectively. These differences between 
mound and tuff-ring deposits underpin current understanding that the mound represents the 
subaqueous phase of the eruption and the tuff ring its subaerial phase, with higher grades of 
alteration in the inferred subaerially deposited units. 
Another relevant characteristic of Black Point is that there is no evidence of effusive activity, 
nor any sign of significant breaks (e.g. presence of lacustrine sediments between the ash layers) 





Figure 5. 6 - Black Point location. (a) Map of Pleistocene Lake Russell (at its maximum level), 
with Black Point (BP, orange star) situated on the NNW shoreline of the current Mono Lake. 
(b) Black Point viewed from the south (distance 5 km, red circle in map “a”); the dashed blue 
line here represents the inferred syn-eruptive lake level (Custer, 1973), with eruption beginning 
at a water depth of 105 m. 
 
Sample locations 
We sampled the range of eruptive deposits from Black Point including the edifice (mound 
and/or tuff rings) and, at different distances from the volcano, an ash sheet that was deposited 
in the lake (see Table B2.8 in Appendix B2 for full sample list and exact sample locations). 
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This combination offers insights into both the eruption's evolution and mechanisms of ash 
transport in and above Lake Russell.  
Mound samples (Fig. 5.2) were collected in a quarried area on the southwest side of the edifice 
from lower-medium levels of the mound between 1974 m a.s.l. and 2004 m a.s.l. (samples 
M1 to M4), and from the upper mound (samples M5 and M6) exposed in a small bluff high 
along the southern edge of Black Point (between 2020 m a.s.l. and 2030 m a.s.l.). A total of 
six samples were analysed for the mound, and four samples, from two sites on the tuff rings 
(Fig. 5.2). A lower tuff ring was sampled at 2065 m a.s.l. (samples TR1 and TR2), and a 
higher-elevation (~2100 m a.s.l.), tuff ring on the west side of summit yielded two samples from 
units separated by a sharp contact (TR3 and TR4). Ash sheet samples were collected in proximal 
and medial lake sites A, B and C (Fig. 5.2). Site A is the ash deposit high within the Wilson 
Creek Formation described and interpreted by Lajoie (1968) and Custer (1973). Six samples 
(A2, A4, A6, A8, A10, A12) were selected from the ~ 6 m sequence (the thickness is variable 
along Wilson Creek) at this site, located about 2 km west from the centre of the edifice. Site B 
(three samples, B1 to B3) is a road cutting located about 5 km to the NE of Black Point. Finally, 
Site C (three samples, C1 to C3) exposes tephra in a gully about 16 km to the SE of Black Point, 





Figure 5. 7 - Satellite image (a) of the former Lake Russell basin (maximum shoreline dotted in 
blue) and a close-up of the Black Point area (BP, b), with sample locations reported for edifice 
(mound and tuff rings) and ash-sheet deposits (Sites A, B, and C). The black opaque arrow 
indicates the direction of a sublacustrine glacial flow active during the Black Point eruption 
(Lajoie, 1968; Custer, 1973). Note the inferred landslide scar (dashed red line) on the NE side 





Sample analysis techniques used for the present study include: wet-laser diffractometry, 
Energy-dispersive X-ray spectroscopy (EDS), X-ray micro-computed tomography (-CT), and 
2-D morphometric analysis of sectioned ash particles. 
 
Wet-laser diffractometry 
Granulometry was acquired for samples from proximal and medial locations by laser 
diffractometry using a Malvern Mastersizer 2000 HydroG®. The advantage of using a laser-
diffraction technique is that it captures sizes of particles < 63 µm (> 4 ), too small to 
differentiate by sieving. The size-fraction investigated here, particularly for the ash-sheet 
deposits, is 0.02 – 2000 µm (15.6 – -1 ). A limitation of this method is the need to calibrate 
initial settings for different light-scattering characteristics of particles with different 
physical/optical properties. Another limitation is that it cannot normally deal with coarser 
particles (larger than 2000 µm) because of the need to suspend them. Grain-size data from the 
coarser-grained mound deposits were acquired by Murtagh and White (2013), and were 
obtained through dry sieving. 
 
Energy-dispersive X-Ray spectroscopy (EDS): 
Samples for geochemical analysis are mostly fine ash (≤ 180 m / ≥ 2.47 ), except for samples 
from lower and upper tuff ring, which were in the range fine lapilli – medium lapilli 
(terminology after White and Houghton, 2006). They were all prepared as polished thin sections 
and analysed with a Zeiss Field Emission Gun Scanning Electron Microscope (FEG-SEM) at 
the University of Otago. Analyses were performed in EDS mode with an AsB (Angle-selective 
Backscatter) detector. All the samples were analysed under the same working conditions, with 
an accelerating voltage of 15 kV, 2.5 nA beam current, aperture size of 60 m, and 6 m beam 
at an 8.5 mm working distance. The software used was AZtec 3.3 and each analysis was 
performed until 500,000 counts were reached. Glass standardization involved using 
Smithsonian microbeam standards for most elements (Si, Mg, Al, Fe, Ca, Na and K), for 
measuring Ti the built-in factory standard was used. A list of the minerals used for 
standardization is reported as electronic material, together with the full dataset acquired 
(Appendix B2, Table B2.9). 
For glass compositions, following Murtagh and White (2013) and Verolino et al., (2018b), 
grains of texture type "S1" were selected, with low-medium content of microlites and low-
medium vesicularity (Fig. B2.7 in Appendix B2, and Fig. 4 in Verolino et al., 2018b). Such 
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grains are preferred because the magma producing sideromelane, cools faster than tachylite 
during and after the fragmentation and thus best represents the immediate pre-fragmentation 
state of the erupted magma (Murtagh and White, 2013). Sideromelane also increases the 
opportunity to measure clean glass, with compositions little- or un-affected by growth of tiny 
microlites. 
Note that for the “MgO versus major elements diagrams”, we plotted all points available from 
the EDS analyses; for the “major elements versus stratigraphy diagrams”, we plotted average 
values with their standard deviations, for each stratigraphic unit analysed (all data were 
normalized to 100 wt%). 
 
X-ray computed micro-tomography 
The -CT analyses were performed at the Australian Synchrotron, Clayton, Australia. Samples 
for micro-tomography analysis were chosen according to grain size and grade of preservation 
of individual grains; no sample preparation was required. Each of the samples selected 
comprised three fine or medium lapilli (White and Houghton, 2006) of sideromelane glass. The 
samples were analysed by using a ruby detector (hutch 2B), which allowed data acquisition of 
medium-high resolution images (pixel size 6 m) and CT at a suitable field of view and grain 
size (detector specifics reported in Hall et al., 2013). This setup allowed the analysis of multiple 
grains at a time, taking approximately 15 minutes per run. For each run, the grains were fixed 
on a syringe, in turn positioned on a rotating plate (0 - 180°) at a distance of 100 mm from the 
source. An accelerating voltage of 30 keV was used and 1810 scans were obtained (2.0 s 
exposure) for all samples.  
For image reconstruction we used X-TRACT software, available through the Australian 
Synchrotron server, to obtain a stack of 8-bit images. For data analysis we used the commercial 
software AVIZO 9.4.0. The smallest vesicles resolved have volumes of 216 m3 (6 m for 
each side of the cubic voxel). 
Within each grain we defined and analysed a “volume of interest” (VOI) rather than the whole 
grain. The VOI’s were chosen in relation to the size of the grain (the larger the grain the larger 
the VOI), to represent the whole grain in a well-defined volume and avoid background issues 
in vesicularity measurements (an example is reported in Appendix B2, Fig. B2.2). Total 
vesicularity was calculated as the ratio between total vesicle volume within the VOI and the 
VOI volume. To calculate connected vesicularity for each grain we divided the volume of the 
largest "vesicle" (a volume of interconnected void space with total volume usually two or three 
orders of magnitude larger than that of the second largest one) by the VOI volume. 
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Two different types of thresholding were carried out in combination; interactive thresholding 
allowed separation of the larger vesicles (black, with values between 0 and 60) from the matrix 
(light grey-white, with values between 60 and 255); then "black Top-Hat thresholding", which 
works across grey-scale features with values 60, allowed separation of smaller vesicles from 
the matrix. The same workflow and thresholding values were applied to all samples for 
consistency. Note that we did not apply any process to separate complex and large vesicles into 
smaller and simple ones (e.g., dilation and erosion) because this is thought to affect the vesicle 
volume distributions (Baker et al., 2011). 
 
Particle morphometry 
Particle shape analyses were performed using the freeware PARTISAN (“Particle Shape 
Analyser”) (Dürig et al., 2018). Ash grains were chosen to be similar to those considered by 
Liu et al. (2015), in the range 2.5  -   4  (180 m -  63 m). Samples were imaged with the 
same settings used for EDS analyses (only for Site A in this case), from which maps were 
obtained in AsB mode. Each map included a grid with 9 images (3×3), with each image having 
a size of 20481536 pixels (image resolution ~ 2.47 px/m, and surface area of the grid of  
4×106 µm2, Fig. B2.3 in Appendix B2). In total 100 ash grains per sample (for six samples) 
were randomly selected within each grid, and automatic thresholding was carried out for 2D 
shape analysis using the freeware ImageJ (https://imagej.nih.gov/ij/). Individual grains were 
separated and converted into binary images then analysed with PARTISAN. For this study only 
the shape parameters defined by Liu et al. (2015) were considered, because parameters of the 
other methods provided by PARTISAN were obtained from particle projections (silhouettes), 
and hence are not directly comparable with our 2D cross-sectional slices (Dürig et al., 2018). 
 
Field characteristics 
Black Point is composed of three main deposits: unconsolidated mound, transitional 
consolidated tuff (here referred to as lower tuff rings) and upper consolidated tuffs (upper tuff 
rings). In addition to these, some of which are also described by Murtagh and White (2013), we 
provide new descriptions from this work of proximal and medial lake-deposited ash from the 
ash sheet formed during eruption of Black Point volcano. 
Representative grain size distributions for mound (data from Murtagh and White, 2013) and 
ash sheet deposits (this work) are reported in Fig. 5.3 and Table B2.10 (Appendix B2). Note 
that the laser diffractometry grain-size data from Site A do not include clasts coarser than 2000 
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µm (although they are present in the deposit; full granulometry data for Site A are available in 
Murtagh, 2011), and that quantitative grain size data from the tuff rings are not available. 
 
 
Figure 5. 8 - Grain-size distributions for representative samples from mound and ash-sheet 
deposits of Black Point. Ash-sheet deposits overall show moderate to poor sorting and ash-
dominant grain sizes (methods of Folk and Ward, 1957), compared to the mound deposits, 
which are framework supported but still poorly sorted and consistently coarser. The red bars 
indicate the mean values. 
 
The unconsolidated mound comprises an ash-poor sequence of deposits that are, despite the 
paucity of matrix, poorly to very poorly sorted in Folk and Ward (1957) terms (1.2 to 2.4 ), 
with mean grain size in the range 2500-5700 µm (-1.3  and -2.5 ) (mound granulometry data 
are from Murtagh and White, 2013). Structureless thick beds and thin laminae of tephra 
alternate up through the stratigraphy, with discontinuous lenses of coarser grains. The beds dip 
shallowly outward from the edifice interior, and bedding contacts are sharp to gradational. The 
features indicate lateral transport and deposition from density currents. The two different 
locations sampled present similar characteristics, but the lower/medium mound (M1 to M4) is 
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extensively loose (Fig. 5.4a), with no cement in it, while the upper mound (M5 and M6) (Fig. 
5.4b) is weakly cemented by thin coatings of carbonate on the grains. 
The lower tuff ring deposit (Fig. 5.4c) is a grey tuff, partially altered to palagonite and contains 
juvenile particles of different size (fine lapilli to blocks, White and Houghton, 2006). Dips of 
layers are chaotic and in places relatively steep (up to 45°); there are local faults and folds. 
The specific part sampled appears un-deformed and has relatively thick sub-horizontal layers. 
The upper tuff ring deposits show distinctive and intense palagonitization, giving a typical 
orange/yellow-ish colour to the tuff. The tuff includes juvenile particles of different sizes (fine 
lapilli to bombs, White and Houghton, 2006), different grades of alteration, and lithic fragments 
of lacustrine and igneous (plutonic) origin; also frequent composite bombs and lapilli are found 
here. Of the two sampled tuff ring units, the older and topographically lower unit (TR3), locally 
characterized by sub-horizontal thin layering, is cut by the upper unit (TR4), which is locally 
massive- looking at its base but with bedding becoming more prominent in its upper part (Fig. 
5.4d). These units are separated by a steep irregular contact (60°) and can be found, with 
similar features, in other areas around the edifice at similar topographic heights. The nature of 
these angular unconformities suggests erosion (e.g., intra-crater channels), and indicate a rather 





Figure 5. 9 - Edifice deposit characteristics. (a) Lower unconsolidated mound deposit. (b) 
Upper indurated mound deposit. (c) Lower tuff-ring deposit. (d) Angular unconformity between 
the two different units sampled for the upper tuff-ring deposits. 
Site A (Fig. 5.5), also described by previous authors (Lajoie, 1968; Custer, 1973; Murtagh and 
White, 2013), covers a narrower granulometric range than the mound, and overall consists of 
very weakly indurated extremely fine ash to fine lapilli (White and Houghton, 2006), with 
plane-laminated beds alternating with climbing ripples and finally, in some exposures 
(excluded the one considered here), convolute beds at the top of the deposit. The entire sequence 
is generally moderately sorted, except for one poorly sorted unit (A10; 1.23 ), which is also 
the only massive one. Beneath the Black Point ash at this site, there is a centimetric bed of 
lacustrine sediments (white silt), followed below by a thin layer of rhyolitic ash (described by 
several authors, together with older rhyolitic tephras of the Wilson Creek Formation; e.g., 
Marcaida et al., 2014). Deposits above the Black Point ash here are eroded or covered, but in 
nearby locations this section includes a layer of light grey laminated silt, followed upsection by 
a thin layer of rhyolitic ash first and laminated silt with thinolitic tufa. Site B (Fig. 5.6) exposes 
a brown, somewhat indurated ash of variable thickness ( 5-15 cm). Two main units are 
distinguishable here, the lower one (Unit 1) fine grained (extremely fine ash to medium ash), 
moderately sorted (0.72 ) and characterized by planar lamination. The upper one (Unit 2) is 
more massive, coarser (extremely fine ash to fine lapilli) and poorly sorted (1.49  to 1.56 ). 
The two units are separated by an erosional contact with shallow scours cut into the lower unit 
and then filled by the upper one (Fig. 5.6a1). Along the lower contact are local centimetric tufa 
“flowers”, embedded in a lacustrine light grey silt. Upsection are lacustrine grey silts, but their 
contact with the ash sheet is not clearly exposed. Site C (Fig. 5.6b) comprises a deposit 12 cm 
thick of indurated light brown ash, overall poorly sorted (1.32-1.75 ). The lower part of the 
deposit is mostly fine-grained (1.73 - 1.37  / 300 - 390 µm), dominated by planar structures, 
shifting upward to a more dominant coarse fraction (0.93  / 520 µm), through a sequence of 
normal-graded beds of different thickness. The overall thickness is consistent throughout the 
surrounding area. Under- and overlying this unit are light brown silty sediments; up through 




Figure 5. 10 - Main features of the ash-sheet at Site A. (1) Overview photo of the ash-sheet at 
Site A with sample position indicated (A2 to A12). (2) Bottom contact between the (rippled) 
Black Point ash and lacustrine sediments. (3) Central portion of the sequence; note the 
alternation of planar and climbing-ripple lamination. (4) Top of the ash-sheet; in evidence here 
is the only massive unit present in the sequence (sample A10). 
 
 
Figure 5. 11 - Proximal/medial ash-sheet deposits with sample sites indicated (blue x’s). (a) 
Site B ash-sheet deposit. Note the physical differences (a1) between Unit 1 (presence of planar 
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lamination and thinning above a tufa flower) and Unit 2 (massive and with erosional features 
at its bottom). (b) Site C ash-sheet deposit. The 12 cm ash-sheet here is characterized by 
normal grading and even thickness throughout the area analysed (b1). 
 
Geochemistry 
Previous geochemical studies of the Mono Basin area highlighted the fact that the volcanic 
centres in the northern portion of the Mono Basin are part of a different magmatic system from 
that producing the main volcanism of the Basin and Range magmatic province. Although Black 
Point represents the only basaltic volcano of the Mono Basin, two other basaltic deposits have 
been identified in this area, the June Lake basalt (just outside the southwestern edge of the 
Mono Basin; Kelleher and Cameron, 1990) and basaltic inclusions in a dacitic dome in the 
Mono Craters chain (Kelleher and Cameron, 1990). Therefore, a careful geochemical study is 
needed at Black Point to compositionally characterize the sampled products for this Surtseyan 
volcano. This allows its deposits to be discerned from other basaltic deposits in the area and 
confirms a Black Point origin for ash-sheet deposits formed in the lake. Analysed here are 
major-elements for sideromelane glass from edifice and ash-sheet deposits. 
 
Glass composition 
Twenty-two samples in total have been analysed, six for the mound, four for tuff rings, six for 
Site A, three for Site B and three for Site C. All the samples are basaltic or trachybasaltic in the 
total alkali-silica diagram (Le Bas et al., 1986). The June Lake basalt, and basaltic inclusions 
in the dacitic dome of Mono Craters, are similar to Black Point in composition, but more 
evolved (Fig. 5.7). They have higher SiO2 (53.6 - 61.7 wt%), and lower MgO (3.0 - 4.5 wt%) 
(Kelleher and Cameron, 1990). Given these few, but relevant differences, we consider all the 





Figure 5. 12 - MgO vs. SiO2 diagram for Black Point and other basaltic deposits in the Mono 
Basin. Data for the June Lake basalts and the basaltic inclusions of the Mono Craters are from 
Kelleher and Cameron (1990). 
 
Variation diagrams of major-elements against MgO from samples at Black Point (Fig. 5.8) 
show changes in the magma composition during the eruption for the deposits considered. 
Overall, MgO ranges from 5.30 wt% to 6.84 wt% and it is negatively correlated with SiO2 and 
K2O, and positively correlated with CaO and TiO2, whereas greater scatter characterizes Al2O3 
and FeO, not showing any obvious trends. Deposits from mound, tuff ring and Site A occupy a 
wider range of MgO (mound: 5.34-6.51 wt%; tuff rings: 5.45-6.84 wt%; Site A: 5.30-6.77 
wt%), from more-primitive to more-evolved compositions, whereas samples from Site B and 
Site C have compositions in a narrower range (Site B: 5.81-6.46 wt%; Site C: 6.04-6.72 wt%). 






Figure 5. 13 - Sideromelane glass major-element variation diagrams for deposits analysed for 
this study. 
Plots of major-element data against stratigraphy for individual sites (Fig. 5.9) reveal a more 
complex evolution pattern for Black Point deposits. Among the major elements analysed, 
broadly matching, but non-systematic variations upsection are observed for the mound and Site 
A, and tuff ring deposits (lower and upper). MgO shows marked changes from the lower (6.25 
wt%) to upper mound (5.65 wt%), with no samples having intermediate values. Upsection 
trends for Site A are similar to those of the mound, but more continuous through stratigraphy; 
the site provides the best available geochemical record through the eruption. The four samples 
from the tuff rings, inferred to be conformable above the mound, occupy the same range as for 
lower and upper mound (MgO: 5.58-6.32 wt%; SiO2: 50.3-51.23 wt%; K2O: 1.03-1.13 wt%), 
with the lower tuff ring deposits having compositions between those of the mound and the upper 
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tuff ring. Sites B and C have a smaller range of MgO, SiO2 and CaO, with no obvious upsection 
trend. 
 
Figure 5. 14 - Major elements (average values and standard deviations) vs relative stratigraphy 
for all the deposits analysed in this study. The inferred water level (i.e., top of the mound) during 
the eruption is also reported, based on field characteristics and/or geochemical data. 
 
Pyroclast vesicularity 
Seven pyroclastic samples were chosen from Black Point to represent the eruptive stratigraphy, 
from two different locations, (1) the mound (four samples) and (2) Site A (three samples). For 
each sample three grains were analysed, with relatively low, medium and high vesicularity 
(summary in Table B2.11, Appendix B2). 
Volumes of interest (VOI’s) range from 0.75 – 2.79 mm3 (average 1.73 mm3) for the mound, 
and for Site A 0.18 – 1.68 mm3 (average 1.04 mm3). 
Total vesicularity (tot) of the VOI’s for all samples ranges from extremely low (M4_1, tot= 
14%) to medium (A4_1, tot= 43%). Analysed samples collected from the mound have 
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vesicularities from 14% to 38% (average 24%), and from Site A from 25% to 43% (average 
35%). Connected vesicularity for VOI’s in mound samples ranges from 20.1% to 99.5% 
(average ~83%), and for Site A from 95.1% to ~99.8% (average ~99%). 
Tomographic vesicle number density (Nv) at Black Point varies from a low in sample A2_2 of 
Nv= 152.3 mm
-3, to a high for sample M4_2 of Nv= 1360.7 mm
-3 (Fig. 5.10 and Table B2.11 in 
Appendix B2). These values cannot be directly compared to results from 2D+stereology 
analyses (e.g., Polacci et al., 2010; Shea et al., 2010; Murtagh and White, 2013). Values of Nv 
occupy a relatively narrow range for most of the mound units analysed (M1 to M3), but one 
unit shows larger scatter (M4). The range in vesicle number density for Site A is even narrower 
than for the mound, restricted to values between 152.3 mm-3 and 578 mm-3. For both sites, there 
are no systematic variations upsection, but in both cases the highest values are from the 
uppermost stratigraphic unit analysed. 
 
 
Figure 5. 15 - Tomographic vesicle number density (Nv) versus stratigraphy for Mound (a) and 
Site A (b) deposits. 
 
Vesicle volume distributions (VVD’s) and cumulative vesicle volume distributions (CVVD’s) 
have been obtained for mound and Site A (Fig. 5.11 and Fig. 5.12). Individual vesicle volumes 
normalized to their VOI are in a similar range for both deposits, between ~8101 m3/mm3 and 
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~4108 m3/mm3, with absolute individual vesicle volumes ranging between ~2102 m3 and 
~6108 m3; note that the populations between ~106 and ~109 m3 often are not represented. 
Mound samples have a minimum Nv in the range 0.36-1.85 mm
-3. The maximum Nv varies 
between 56 mm-3 (M3_3) and 160 mm-3 (M2_1). For Site A the minimum Nv is between 0.60 
mm-3 and 5.61 mm-3, and the maximum Nv between 30 mm
-3 (A2_2) and 144 mm-3 (A6_2). 
CVVD’s are all fit by power law distributions with negative exponent in the range 0.85-1.39 
for mound and 0.74-1.49 for Site A. Low values of Nv reflect high levels of connected porosity. 
 
Figure 5. 16 - Mound vesicle volume distributions from tomography (VVD, black bars) and 
cumulative vesicle volume distributions (CVVD, open blue squares). Total vesicularity (), 
vesicle number density (Nv) and equations describing the distributions are also reported. Note 
115 
 
that “Nv_tomo” for small volumes can be strongly affected by interconnection of what in 2D 
would appear as isolated vesicles.  
 
 
Figure 5. 17 - Site A vesicle volume distributions from tomography (VVD, black bars) and 
cumulative vesicle volume distributions (CVVD, open blue squares). Total vesicularity (), 
vesicle number density (Nv) and equations describing the distributions are also reported. 
 
Particle morphometry 
Particle shape was analysed for six samples spanning the section at Site A, using PARTISAN 
(Dürig et al., 2018). Shape parameters, including convexity and solidity, can be used in 
combination to characterize ash grains based on their external outlines in cross section (e.g. thin 
sections or polished sections; Liu et al., 2015). 
A total of 600 ash grains (100 grains per stratigraphic unit) were run through PARTISAN© 
(output reported as electronic material in Table B2.12 in Appendix B2). Results for convexity 
and solidity (Fig. 5.13) show large ranges within each unit, with solidity ranging from 0.38 to 
0.97, and convexity between 0.47 and 1.0. The units at the top of the stratigraphic sequence 
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(A10 and A12) have a relatively lower scatter than the lower units, with convexity ranging from 
0.59 to 0.99, and solidity from 0.52 to 0.96. Variations through the section are small and 
nonsystematic for these two parameters; the average convexity is from 0.83 (A6) to 0.87 (A12), 
and average solidity from 0.74 (A6) to 0.81 (A12).  
 
 
Figure 5. 18 - Convexity versus solidity diagram for Site A ash grains. Also reported for 
comparison is the field (light grey) for "Surtsey ash grains" from Liu et al. (2015). Examples of 
Black Point grains with different values of convexity and solidity are shown, highlighting the 
high variability observed among the different stratigraphic units at Black Point. 
 
Discussion 
Previous authors (e.g., Christensen and Gilbert, 1964; Lajoie, 1968; Custer, 1973), inferred that 
the mound at Black Point grew from a submerged eruption, and the tuff ring deposits from 
subaerially transported ash that settled onto a still-submerged edifice. According to White 
(2000), the mound was similarly inferred to have formed during the subaqueous phase of the 
eruption, but emplaced by eruption-fed density currents; he also considered that the tuff rings 
were emplaced onto an emergent, subaerial edifice by pyroclastic density currents, and noted 
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local ring collapses and slumps. Our Site A (top of the Wilson Creek Formation in Lajoie’s and 
Custer’s works) has distinctive features, including flow structures indicating a flow direction 
parallel to the edifice rather than radial to it as would be expected from density currents moving 
outward from the vent site. Custer (1973), following Lajoie (1968), suggested that this sequence 
was formed when ash fell onto the lake surface during subaerial eruption, then settled into 
hypopycnal meltwater-fed underflow moving downslope to the S/SE towards the center of the 
lake. This interpretation was supported by White (2000), but, as for the mound, he considered 
Site A to have formed by eruption-fed density currents, deflected southward after entering the 
bottom-lake flow, ± fallout ash settling through the water column. The nature, timing of 
formation, and emplacement of the deposits analysed in this study are addressed below, based 
on geochemical and field data. 
At Site A most of the sequence is characterized by climbing ripples. Granulometry and 
bedforms of these deposits indicate deposition from currents flowing at 0.20 cm/s to 0.55 cm/s, 
consistent with Custer's (1973) estimate. Intercalated plane-laminated beds reflect occasional 
delivery of larger particles (mean 180-310 µm / 1.71-2.46 ) by the eruption. The top layer 
sampled here (A12) is the finest of the sequence (mean 110 µm / 3.16 ), and its stratigraphic 
position, as well as the fine particle size, suggest that it may correlate with emplacement of the 
subaerial tuff ring deposits, formed as the volcano shoaled as little as one kilometer east of this 
section. There remains some uncertainty about whether the volcano had emerged when 
providing the ash to the top of Site A, and geochemical features of sample A12 (as shown in 
Fig. 5.9) do not provide an unambiguous indication. The broadly matching pattern between 
mound and Site A argue against any major reworking or remobilization of the tephra, and 
indicate that Site A beds were deposited mostly during the subaqueous eruption. During early 
stages of the eruption, transport of particles through many tens of meters of lake water to be 
erupted and distributed subaerially is very unlikely (Verolino et al., 2018b). Another aspect to 
consider about the tephra at Site A, and equivalent stratigraphic sequences along Wilson Creek, 
is the proximity with Black Point (~2 km west from centre of the ring deposits atop the mound). 
Though dispersal was primarily to the east as inferred by Custer (1973), we infer that most 
material erupted subaerially from Black Point fell back into the lake relatively near the volcano. 
The Site A sequence is sharply capped by post-eruptive lacustrine sediments (light grey silt), 
without intervening mixed products of reworking that form thin layers at some other sites. On 
this basis, we interpret Site A deposits as having been formed by a combination of eruption-fed 
density currents, equivalent to the subaqueously emplaced mound and forming most of the 
sequence, plus particles settling through the water column during the final (subaerial) stage of 
the eruption. The depth of the volcano's vent(s) had to shallow as the volcano grew from the 
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lake floor to ultimately build above the water surface, and we infer that the Site A sequence 
accumulated progressively during this growth. A directly proportional representation is not 
certain, however, in part because deposition of both mound and Site A ash sheet were affected 
by the local paleocurrents mentioned earlier. 
Site B and Site C ash-sheet deposits are different. They overlap the entirety of the Black Point 
edifice's geochemical range, yet there are no systematic changes through either site's 
stratigraphy in major-element glass compositions. The range occupied by both sites is the same 
as the range occupied not only by mound and Site A, but also by tuff ring deposits.  
Site B shows two units; a lower laminated ash unit that thins above tufa flowers and has a flat 
contact with the lower lacustrine material, and a structureless upper ash bed of consistent 
thickness, which is coarser and poorly sorted, coarsening further near erosional features (scour 
and fill structure, Fig. 5.6a1). These field observations indicate transport by a turbulent 
subaqueous current (such as those that formed most of the Site A sequence) to form planar 
lamination of the lower ash unit, also supported by the deposit's thinning above the tufa flower. 
The upper ash unit may similarly represent the basal poorly graded coarse portion of an 
eruption-fed density current (equivalent to a turbidity current). In these currents, erosional 
features produced by turbulent scouring at the bottom are common (Lanteaume et al., 1967). 
The lack of grading here is attributed to the more laminar regime of the bottom flow with respect 
to its top (missing in this section), driven by high particle concentration, which hinders settling 
from suspension in the flow (Mulder, 2011). The mixed particle geochemistry, however, argues 
for some previous storage of ash through the eruption, with particle mixing and emplacement 
from one or a few exceptional currents generated late in the eruption, potentially by landsliding 
of the Black Point edifice. Quickly grown volcanoes are unstable, and there is a large landslide 
scar at the NE of Black Point (see Fig. 5.2), and evidence of slumping and erosional truncation 
in edifice deposits. 
Site C deposits are distinctive in being overall coarser grained (some grains larger than 2000 
µm / -1 ), with some normal grading. Beds at this site maintain an even thickness (12 cm). 
Normal grading and even thickness are consistent with deposition by particle settling. Particles 
larger than 2000 µm cannot be transported effectively by wind-driven currents at shallow levels 
within the lake (Verolino et al., 2018b), so another transport mechanism is required. One 
possibility is deposition from eruption-fed density currents, which can have a runout of over 20 
km in lacustrine settings (Verolino et al., 2018b), but no transport direction indicators are 
preserved in this deposit. Moreover, this portion of the Russell basin between Paoha Island and 
the deposit location seems to preserve the original bathymetry of the lake, showing shallowing 
away from the center of the lake. Particularly, between the current lake floor (1945 m a.s.l.) and 
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the Site C outcrop (2030 m a.s.l.), there is a change in topography of about 85 m, with a positive 
slope of 2° over about 2 km. This would further reduce the chance of a subaqueous current as 
a transport mechanism for Site C (Muck and Underwood, 1990). Transport by winds with 
subsequent fallout into the lake is a plausible mechanism (Lajoie, 1968; Custer, 1973), with 
minor current-induced pinch-and-swell that may reflect local travel of substrate-deflected 
vertical gravity currents (Manville and Wilson, 2004; Wiesner et al., 2004). Pleistocene winds 
were dominantly toward the northeast (Custer, 1973; Lajoie, 1968), while winds toward the 
southeast, today occurring only 3-4% of the year (data taken from 2012 to 2019; 
https://www.windfinder.com/windstatistics/lee_vining_mono_lake), would be required to form 
the deposits at Site C. If this hypothesis is correct, Site C was formed during the emplacement 
of the tuff ring(s), and the mixed particle geochemistry would indicate vent recycling of 
particles formed at different times during the eruption, e.g. during excavation of a shallow 
diatreme as discussed below in the next section. 
 
In order to understand the subsurface processes taking place before and during the Black Point 
eruption, vesicularity of lapilli and shapes of ash grains through the eruption sequence were 
investigated. Vesicle populations indicate the state of magma as it solidified, which is that of 
the magma immediately prior to fragmentation plus any post-fragmentation evolution. For 
smaller particles, post-fragmentation changes are limited, because cooling time to solidification 
is short. The small grains chosen here are inferred to closely represent the pre-fragmentation 
magma. Three-dimensional investigations of volcanic vesicle populations (e.g., Polacci et al., 
2006, 2008, 2010, 2012; Bai et al., 2008) remain uncommon, and very few have previously 
investigated vesicle populations of Surtseyan pyroclasts, and not directly comparable with our 
work (Colombier et al., 2018); though Schipper and White (2016) provide qualitative 
tomographic evidence for Surtseyan particle recycling. 
Our results show vesicularity of 14% - 43%, and vesicle number densities of 152 mm-3 to 1361 
mm-3. Values of Nv are low especially in the context of 2D Nv values (Murtagh and White, 
2013), which are high relative to 2D Nv for e.g. strombolian eruptions. High interconnected 
porosity, 80% for most of the grains analysed, indicates strong vesicle coalescence (example 
in Appendix B2, Fig. B2.4). A closer comparison can be drawn with tomography results for 
lapilli (Polacci et al., 2010) having a range of compositions (basalts to trachytes) and eruptive 
intensities (mild strombolian to vulcanian). For basaltic grains analysed by Polacci and 
colleagues, our range of vesicle number density would correspond to a range of strombolian 
activities (ordinary strombolian, paroxysmal strombolian and violent strombolian). All those 
grains, however, have a total vesicularity between 49% and 72%, while the most vesicular grain 
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analysed in our study is 43%, and the least vesicular 14%. Possibly this difference results from 
post-fragmentation expansion of the lapilli analysed in Polacci’s work (Gardner et al., 1996). 
Low bulk vesicularity of our particles could also result from an absence of large vesicles in 
coarse ash grains and small lapilli (Houghton and Wilson, 1989), though this only minimally 
affects Nv values. Black Point ash grains have far lower vesicularity than typically associated 
with magmatic fragmentation of 65-80% (Sparks, 1978; Houghton and Wilson, 1989; Bai et 
al., 2008).  
An important limitation in 3D assessment of Nv is the image resolution. Polacci and co-authors 
had, for the compositions considered here, a pixel size of either 9 m or 14 m (voxel volumes 
729 m3 or 2744 m3). At this relatively low resolution there is commonly significant 
underestimation of the vesicle number density, which compromises identification of late bubble 
nucleation events. Our voxel size was 216 m3, and thin-section observations indicate that 
Black Point pyroclasts have few vesicles smaller than 216 m3, though there will still be a small 
effect on the measured vesicle number density (Appendix B2, Fig. B2.6), and for this reason 
we do not use vesicle number density as an indicator of eruption intensity. We do emphasize 
the very high interconnected porosity (connected vesicularity) and relatively low total 
vesicularity of Black Point pyroclasts, both of which may be associated with efficient 
outgassing (Polacci et al., 2008, 2012). The low microlite content of the Black Point pyroclasts 
(example in Fig. B2.7, Appendix B2), and the sub-spherical forms of vesicles that did not 
coalesce, argue against the high connectivity being the result of major outgassing prior to 
eruption. Instead, the high degree of coalescence at Black Point is inferred to have developed 
quickly during final rise stages of the magma, permitted by the relatively low viscosity of the 
magma. 
In contrast to the situation at Pahvant Butte, another Surtseyan volcano in the Basin and Range 
province (Verolino et al., 2018b), there was no systematic change in composition through 
eruption, nor are there systematic changes in pyroclast or deposit texture upsection at Black 
Point in either the mound or Site A.  
For vesicularities between 1% and 65%, vesicle-size distributions are described by power-law 
relations, while for vesicularity between 65% and 83% the vesicle distributions follow 
exponential relations (Bai et al., 2008). In Bai’s experiments, samples with vesicularity higher 
than 65% bubbles popped soon after a foam was formed. All our samples have vesicularities 
lower than 45% and are characterized by power-law distributions. This indicates that the Black 
Point magma did not form a foam before or during eruption, and was not fragmented in response 
to vesicle nucleation and expansion. The relatively low and highly interconnected vesicularity 
121 
 
argue against fragmentation by volatile expansion during the Black Point eruption. Instead, we 
infer that the eruption was phreatomagmatic in style and fragmentation was driven mostly by 
interactions between rising magma and lake water. It remains intriguing that the eruption began 
in about 100 m of water and ended subaerially, with no systematic change in the pattern or 
degree of vesiculation. 
External morphology of ash particles may provide clues about how magma was fragmented 
(e.g., Dellino and La Volpe, 1996; Büttner et al., 2002; Dürig et al., 2012; Cioni et al., 2014; 
Rausch et al., 2015). Liu et al. (2015) proposed a diagram convexity-solidity in which they 
plotted values from volcanoes that erupted in different settings (marine, glacial, subaerial) and 
produced grains of different shape fields. Particles are plotted from one volcano, Surtsey, whose 
eruption is broadly recognized as having been shaped by interaction of magma with external 
water (e.g., Thorarinsson, 1967; Kokelaar, 1983; Moore, 1985; Schipper and White, 2016). On 
this plot there is high variability among ash grains from part of the subaerial phase of Surtsey's 
eruption (Fig. 5.13). Convexity and solidity values for Black Point ash grains show even higher 
variability than Surtsey’s, both as a whole and within individual units (see Fig. B2.5 in 
Appendix B2), again, with no significant change upsection. The fact that each individual 
stratigraphic unit is made up of particles with the same range of external morphologies as 
produced by the eruption as a whole, suggests that the fragmentation style did not change during 
the eruption. This further implies that pyroclast shapes were not sensitive to the changes in 
pressure/depth of the fragmentation sites during the volcano's upward growth. 
In summary, based on the hypothesis that the whole eruption is well represented in the 
stratigraphic sequence at Site A, we see a surprising consistency in vesicularity and particle 
shape upsection (Fig. 5.14). Changes in glass geochemistry are not linked with granulometric 
features or particle morphology through the mound deposits or in Site A (but we lack particle 
morphometry for the subaerially emplaced, lithified, tuff-ring deposits). Our results suggest that 
it may not be safe to use particle properties to infer subtle changes in depth/pressure during 




Figure 5. 19 - Summary of the key results from Black Point exemplified in Site A. Note that 
vesicularity was measured for lapilli-size grains, and the shape parameters (convexity and 
solidity) were obtained from ash grains. 
 
Model for the Black Point eruption 
The Black Point eruption progressed as follows (Fig. 5.15): a vesiculating magma rose through 
hard country rock basement then semi-consolidated sediments (the glacial gravel described by 
Scholl et al., 1967) until it encountered the water-rich lacustrine sediments of Lake Russell at 
relatively shallow levels beneath the lake floor (within 15 m from the lake floor; Scholl et al., 
1967). There is no evidence in the earliest deposits we can see (at Site A – base of edifice not 
exposed) of lake-sediment quarrying, and we infer that the first phreatomagmatic explosions 
began as magma entered the lake. During final magma ascent and during eruption, intense 
bubble coalescence took place and allowed outgassing within Lake Russell. The scarcity of 
lacustrine lithic fragments in the mound deposits suggests that fragmentation mostly took place 
within or in the water above the newly forming mound (abundance of dike fragments, 
composite bombs and composite lapilli at proximal sites). These explosions generated eruption-
fed density currents (forming Site A and the lower unit at Site B) that moved over the lake floor, 
and might have also formed a subaqueous plume and umbrella cloud from which subaqueous 
particle fallout took place. As the mound grew shallower and approached the water surface, the 
eruption became progressively subaerial, with continued formation of pyroclastic density 
currents, and later, a subaerial plume as well (still feeding Site A), which might have been 
affected by wind shifts, with particle deposition within the lake at more distal sites (Site C). 
During this stage, the eruption excavation reached the glacial gravel at ~15 m (minimum 
excavation depth) beneath the original lake floor. Given the presence of granitic and 
metamorphic clasts and dike fragments in the tuff-ring deposits (Murtagh, 2011), and of the 
mixed particle geochemistry through the Site C sequence, we infer that a shallow diatreme was 
formed beneath Black Point, extending for at least 15 m below the lake floor. The upper Site B 
unit, also having a mixture of particle chemistry in thin beds far from the volcano, is inferred 
to have formed late in the eruption (hence including late-stage glass chemistry) just before the 
tuff rings formed (the landslide scar on the NE side of Black Point is entirely within the mound), 
most plausibly from density currents initiated by major failure(s) of the edifice. Also, lateral 
vent migration is inferred during the tuff rings emplacement from the presence of several tuff 
ring walls, which may reflect the fact that magma rose along irregular paths (Valentine and 
White, 2012) within the unconsolidated Black Point edifice during this phase of the eruption, 
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before interacting explosively with water-saturated tephra. The erosional contacts between the 
different tuff-ring depositional units (see Fig. 5.4d), and the lack of significant breaks during 
the eruption (e.g., absence of lacustrine sediments between tephra layers and paleo-soils) 
suggests the different tuff rings were formed during the same eruption and close together in 
time. 
 
Figure 5. 20 - Simplified sketch (not fully to scale) of the model inferred for Black Point. See 
text for details.  The red bars in box “1” are 100 µm long. The dashed line beneath the lake 
sediments indicates the limit of late Pleistocene Age between water-rich mud sediments (top) 
and Sierran glacial gravels (bottom), discovered by Scholl et al. (1967). 
 
Conclusions 
At Black Point volcano we used field observations, granulometry, geochemistry, vesicularity 
and ash particle shape analysis to characterize both edifice-forming deposits and the associated 
ash sheet, and to understand the subsurface pre- to syn-eruptive dynamics. 
Compositions of glassy ash link mound deposits with those at Site A and suggest the two were 
formed in the same time frame through the eruption (mostly subaqueously), with the top of Site 
A probably emplaced during the eruption's subaerial stage. Two other sites, B and C, have ash 
compositions spanning those of both mound and tuff ring deposits. Field data suggest that Site 
B was formed by a combination of eruption-fed density currents (first) and secondary density 
currents (later during the subaqueous eruption), which were able to mix particles formed 
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throughout the eruption. Site C's mixed particle chemistry and depositional features suggest it 
formed together with the tuff rings when vent recycling of particles during diatreme excavation 
was taking place. 
Micro-tomography shows that Black Point lapilli have highly interconnected porosity 
(vesicularity), indicating strong bubble coalescence and probable outgassing during eruption. 
There is also consistently low- to medium vesicularity (< 45%), suggesting that vesicle 
nucleation and expansion played little or no role in magma fragmentation. Particle-shape 
analysis of ash at Site A shows high variability in the shape parameters of convexity and 
solidity, as observed for Surtsey. Also, individual stratigraphic units show the same variability 
as observed at the scale of the whole sequence. Interestingly, neither vesicularity (including 
vesicle textures) nor ash particle morphologies show any systematic changes upsection, despite 
the shallowing of fragmentation sites through the eruption. This suggests that there was no 
change in fragmentation style during shallowing through ~100 m of water during the Black 
Point eruption and, hence that particle properties may not be sensitive indicators of 
vent/fragmentation depth. 
Finally, we propose that magma fragmentation at Black Point was largely driven by 
phreatomagmatic explosions. These produced significant amounts of fine ash best represented 
at Site A and elsewhere along Wilson Creek; it was mostly transported across and deposited on 
the lake floor of Pleistocene Lake Russell. 
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Appendix B2 - Supplementary material 
B2.1 - Examples of clasts found at Black Point 
 
Figure B1 - (a) Composite bomb in the lower mound; (b) composite bomb in the lower 
stratigraphy at Site A; (c) composite bomb in the tuff-ring deposits; (d) granitic clast (top) and 




B2.2 - Example of Volume of Interest (VOI) extracted from 3D CT images 
 
Figure B2 - Example of volume of interest (VOI) within grain M3_1. The VOI here is 1.45 
mm3 (1.45×109 μm3), while the whole grain has a volume of about 10 mm3 (1×1010 μm3). 




B2.3 - Illustration of the grid employed for 2D particle shape analysis with PARTISAN © 
 
Figure B3 - From a polished section, this is a 3x3 grid (highlighted in blue) within which 100 




B2.4 - Examples of highly- and poorly-connected samples 
 
Figure B4 - Examples of VOI’s showing connected (blue) and un-connected vesicles (colored) 
for samples with different grades of vesicle connectedness (Fconn). Note that the majority of 





B2.5 - Box and Whisker plots of convexity and solidity for Site A ash grains 
 
Figure B5 - Box and Whiskers for each sample are characterized by the minimum (the smallest 
sample value), first quartile (25%), median (50%), third quartile (75%) and maximum (the 




B2.6 - Plane-light microphotograph of a lapillus from the mound, showing the size of vesicles 
 
Figure B6 - Plane-light microphotograph of a lapillus from the mound, showing the size of a 
vesicle with an inferred volume similar to the minimum vesicle volume obtained from our μ-
CT analysis. Vesicles smaller than this one do not significantly contribute to the total vesicle 
volume of the grain. Also, they will not be counted for the vesicle volume distribution, so the 




B2.7 - Backscattered image from sample A4 
 
Figure B7 - Although the presence of very few microlite-rich tachylite grains, for the present 
work we only analysed sideromelane grains of type S1 (i.e., low abundance of microlites and 
low vesicularity, Murtagh and White, 2013), which represented the majority of the glass 
textures in the ash fraction analysed.   
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B2.8 - Black Point samples analysed for this study with location and geographic coordinates 
BLACK POINT 
Deposit Relative stratigraphy Sample code Lat/Long (WGS84) 
Mound 
lower  
M1  38° 1'16.81"N 119° 6'48.94"W 
M2  38° 1'18.22"N 119° 6'47.73"W 
M3  38° 1'18.40"N 119° 6'46.95"W 
middle  M4  38° 1'19.76"N 119° 6'49.30"W 
upper  
M5 




























 37°56'24.19"N 118°57'51.06"W middle C2 
upper C3 





B2.9 - Geochemical analyses of the samples 
Table B9.1 - Reference material used for glass standardization. 
Element Mineral USNM1 
Na Anorthite 137041 
Mg Olivine 111312/444 
Al Anorthite 137041 
Si Hornblende 143965 
K Microcline 143966 
Ca Anorthite 137041 
Ti fs2   
Fe Hornblende 143965 





Table B9.2 - Glass major-element data for edifice and proximal/medial deposits. 
Sample Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO Total 
M1-S1-m1 3.96 6.21 19.11 49.94 0.89 8.32 1.62 9.12 99.16 
M1-S1-m2 3.94 6.33 19.12 50.07 0.99 8.66 1.56 8.76 99.43 
M1-S1-m3 3.88 6.42 19.26 50.18 0.98 8.47 1.63 9.24 100.06 
M1-S1-m4 3.79 6.38 18.99 49.82 0.93 8.35 1.59 8.91 98.77 
M1-S1-m5 3.97 6.41 19.21 49.86 0.99 8.36 1.47 9.00 99.27 
M1-S2-m1 3.85 6.03 19.37 50.18 0.97 8.49 1.60 9.04 99.53 
M1-S2-m2 3.89 6.02 19.27 49.62 0.96 8.43 1.58 8.69 98.45 
M1-S2-m3 3.90 6.04 19.01 49.97 1.00 8.47 1.59 8.75 98.73 
M1-S2-m4 3.79 5.99 19.18 49.79 0.96 8.44 1.56 9.04 98.75 
M1-S2-m5 3.84 5.98 19.25 49.89 0.96 8.66 1.68 9.23 99.50 
M1-S3-m1 4.06 6.27 18.97 49.92 0.98 8.46 1.67 9.19 99.52 
M1-S3-m2 3.98 6.30 18.91 50.24 0.99 8.43 1.61 8.98 99.45 
M1-S3-m3 3.91 6.27 18.80 50.21 1.00 8.23 1.63 9.03 99.08 
M1-S3-m4 3.79 6.23 18.95 49.94 0.99 8.41 1.69 9.08 99.10 
M1-S3-m5 3.90 6.30 18.75 49.50 0.95 8.43 1.67 8.87 98.37 
M1-S4-m1 3.95 6.08 18.96 49.61 0.99 8.42 1.61 8.77 98.39 
M1-S4-m2 3.88 6.03 19.18 49.97 0.99 8.45 1.60 8.89 99.00 
M1-S4-m3 3.81 6.03 18.95 49.39 0.92 8.50 1.58 8.74 97.92 
M1-S4-m4 3.92 6.00 18.83 49.85 0.95 8.55 1.74 8.87 98.70 
M1-S4-m5 3.91 6.11 19.21 49.41 1.01 8.42 1.57 8.83 98.47 
M1-S5-m1 4.01 6.49 18.97 49.71 0.98 8.64 1.67 9.27 99.74 
M1-S5-m2 3.87 6.44 18.93 49.70 0.97 8.28 1.78 9.37 99.34 
M1-S5-m3 3.96 6.40 19.02 50.05 0.98 8.39 1.48 9.41 99.69 
M1-S6-m1 4.02 6.16 19.06 49.67 1.05 8.46 1.77 8.58 98.77 
M1-S6-m2 3.91 5.98 19.29 49.99 0.94 8.51 1.69 8.99 99.30 
M1-S6-m3 3.97 6.03 19.11 50.06 0.97 8.49 1.70 8.98 99.30 
M1-S7-m1 3.91 6.22 19.07 50.01 0.98 8.47 1.54 8.81 99.03 
M1-S7-m2 3.96 6.16 18.92 49.58 1.01 8.28 1.50 8.79 98.21 
M1-S7-m3 3.97 6.08 19.11 49.96 1.02 8.34 1.62 8.94 99.05 
M1-S7-m4 3.96 6.14 19.01 49.82 0.97 8.31 1.59 9.12 98.93 
M1-S7-m5 4.00 6.05 18.90 49.80 1.02 8.41 1.62 8.67 98.46 
M1-S8-m1 3.88 6.06 19.05 49.92 1.02 8.31 1.64 8.54 98.43 
M1-S8-m2 3.83 6.12 18.95 49.72 0.98 8.29 1.59 8.78 98.28 
M1-S8-m3 3.93 6.07 18.88 49.76 1.00 8.21 1.61 8.90 98.36 
M1-S8-m4 3.96 6.16 19.18 50.17 0.99 8.48 1.62 9.04 99.61 
M1-S8-m5 4.04 6.13 19.23 49.99 0.94 8.35 1.65 9.27 99.60 
M1-S9-m1 3.82 6.35 18.98 49.73 0.98 8.41 1.62 8.77 98.65 
M1-S9-m2 4.01 6.29 19.27 49.57 0.89 8.47 1.55 8.97 99.03 
M1-S9-m3 3.94 6.26 19.12 49.81 0.97 8.51 1.57 8.98 99.15 
M1-S9-m4 4.02 6.44 19.15 50.24 0.96 8.55 1.48 8.98 99.80 
M1-S9-m5 3.96 6.32 19.17 49.81 0.94 8.64 1.62 8.97 99.43 
M1-S10-m1 4.02 6.19 18.77 50.05 0.97 8.35 1.66 9.01 99.02 
M1-S10-m2 3.93 6.22 19.07 49.85 0.96 8.48 1.66 9.12 99.28 
M1-S10-m3 4.00 6.19 18.95 50.05 0.98 8.50 1.48 9.19 99.33 
M1-S10-m4 3.98 6.28 18.84 49.74 0.92 8.34 1.56 9.21 98.88 
M2-S1-m1 3.59 6.20 19.46 50.27 0.95 8.41 1.41 8.79 99.07 
M2-S1-m2 3.55 6.18 19.32 50.01 0.93 8.53 1.58 8.85 98.94 
M2-S1-m3 3.53 6.14 19.39 50.40 1.00 8.42 1.56 8.87 99.33 
M2-S1-m4 3.55 6.15 19.23 50.61 0.89 8.48 1.49 8.77 99.17 
M2-S1-m5 3.56 6.21 19.15 50.57 0.97 8.42 1.68 9.32 99.88 
M2-S2-m1 3.55 6.16 18.99 50.29 0.97 8.35 1.68 9.11 99.10 
M2-S2-m2 3.55 6.06 19.08 50.43 0.97 8.60 1.58 8.97 99.24 
M2-S2-m3 3.63 6.06 19.01 50.42 0.99 8.63 1.69 9.14 99.58 
M2-S2-m4 3.65 6.09 19.27 50.49 0.92 8.41 1.60 9.39 99.81 
M2-S3-m1 3.55 6.11 18.85 50.39 1.03 8.41 1.73 9.02 99.09 
M2-S3-m2 3.53 6.24 19.06 50.34 0.97 8.37 1.68 9.19 99.39 
M2-S3-m3 3.60 6.14 18.85 50.39 1.00 8.36 1.57 9.12 99.02 
M2-S3-m4 3.49 6.21 18.95 49.91 1.00 8.33 1.69 9.03 98.60 
M2-S3-m5 3.56 6.05 18.90 50.11 0.95 8.35 1.81 9.03 98.76 
M2-S5-m1 3.58 5.97 19.25 50.19 0.96 8.32 1.67 9.20 99.15 
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M2-S5-m2 3.60 5.91 19.26 50.31 0.95 8.46 1.63 9.35 99.48 
M2-S5-m3 3.45 6.01 19.11 50.22 1.01 8.36 1.54 8.96 98.64 
M2-S5-m4 3.41 5.98 19.02 50.25 0.98 8.31 1.51 8.90 98.35 
M2-S5-m5 3.58 6.02 19.15 50.38 1.01 8.43 1.59 8.85 99.01 
M2-S6-m1 3.40 6.21 18.69 50.16 1.00 8.30 1.58 9.23 98.55 
M2-S6-m2 3.38 6.14 18.64 50.14 1.01 8.43 1.63 9.25 98.63 
M2-S6-m3 3.42 6.18 18.86 50.33 1.06 8.35 1.57 9.13 98.90 
M2-S6-m4 3.38 6.13 18.86 50.06 1.03 8.21 1.70 8.88 98.25 
M2-S6-m5 3.47 6.10 18.80 50.09 0.99 8.42 1.52 9.20 98.60 
M2-S7-m1 3.57 6.35 18.68 50.21 0.99 8.22 1.69 9.51 99.22 
M2-S7-m2 3.58 6.28 18.46 50.26 0.94 8.35 1.67 9.37 98.92 
M2-S7-m3 3.60 6.35 18.67 50.46 0.98 8.20 1.78 9.56 99.58 
M2-S7-m4 3.53 6.28 18.68 50.26 1.04 8.27 1.66 9.55 99.27 
M2-S7-m5 3.66 6.25 18.41 50.29 0.99 8.33 1.74 9.35 99.01 
M2-S8-m1 3.54 6.21 19.08 50.20 0.92 8.47 1.65 8.92 98.99 
M2-S8-m2 3.46 6.25 18.91 50.70 1.00 8.44 1.64 9.22 99.62 
M2-S8-m3 3.39 6.29 19.16 49.96 0.98 8.27 1.77 9.11 98.93 
M2-S8-m4 3.41 6.21 19.37 50.13 0.97 8.38 1.58 8.68 98.73 
M2-S8-m5 3.50 6.28 19.14 49.90 0.97 8.40 1.57 8.87 98.62 
M2-S9-m1 3.40 6.04 18.74 50.67 0.93 8.18 1.64 8.80 98.41 
M2-S9-m2 3.42 6.07 18.99 50.64 0.99 8.23 1.71 8.84 98.88 
M2-S9-m3 3.37 6.04 18.92 50.98 0.95 8.15 1.82 9.29 99.52 
M2-S9-m4 3.39 6.16 18.83 50.87 0.96 8.28 1.61 9.14 99.24 
M2-S9-m5 3.43 5.94 18.94 50.64 1.00 8.19 1.59 9.18 98.91 
M3-S1-m1 3.75 6.20 19.34 49.87 0.95 8.45 1.50 8.80 98.87 
M3-S1-m2 3.78 6.20 19.40 49.86 0.97 8.57 1.48 8.72 98.97 
M3-S1-m3 3.81 6.20 19.31 49.96 0.94 8.65 1.57 8.81 99.26 
M3-S2-m1 3.84 6.21 19.29 50.04 1.01 8.61 1.62 9.00 99.61 
M3-S2-m2 3.79 6.23 19.16 49.92 0.96 8.52 1.57 8.82 98.98 
M3-S2-m3 3.72 6.19 19.19 49.92 0.98 8.53 1.60 8.99 99.12 
M3-S2-m4 3.86 6.19 19.69 49.95 0.95 8.50 1.54 8.96 99.64 
M3-S2-m5 3.85 6.27 19.46 50.38 0.98 8.44 1.53 8.70 99.60 
M3-S3-m1 3.43 6.08 19.05 50.17 0.93 8.40 1.68 9.10 98.85 
M3-S3-m2 3.59 6.09 18.82 50.36 1.04 8.53 1.69 9.21 99.32 
M3-S3-m3 3.57 5.99 19.02 50.09 0.98 8.48 1.69 9.17 99.01 
M3-S3-m4 3.54 6.06 19.14 49.81 1.01 8.45 1.69 9.35 99.06 
M3-S3-m5 3.53 6.11 18.89 50.14 1.01 8.59 1.68 9.34 99.30 
M3-S4-m1 3.55 6.15 18.82 50.10 1.02 8.47 1.77 9.37 99.25 
M3-S4-m2 3.60 6.24 18.87 50.13 0.97 8.38 1.69 9.22 99.10 
M3-S4-m3 3.55 6.17 18.87 50.09 1.03 8.34 1.57 9.30 98.92 
M3-S4-m4 3.49 6.31 19.00 50.13 0.97 8.27 1.68 9.26 99.11 
M3-S4-m5 3.50 6.15 19.18 50.24 1.02 8.24 1.72 9.04 99.10 
M3-S5-m1 3.69 6.12 18.85 50.52 1.12 8.10 1.69 9.29 99.38 
M3-S5-m2 3.57 6.27 18.43 50.12 1.02 8.21 1.67 9.43 98.72 
M3-S5-m3 3.67 6.30 18.44 50.26 0.99 8.24 1.71 9.45 99.07 
M3-S5-m4 3.70 6.35 18.62 50.14 0.97 8.08 1.71 9.51 99.07 
M3-S6-m1 3.68 6.29 19.37 49.93 0.95 8.47 1.60 9.04 99.34 
M3-S6-m2 3.73 6.12 19.30 49.77 0.91 8.46 1.75 8.79 98.82 
M3-S6-m3 3.68 6.18 19.12 49.87 0.96 8.29 1.63 8.79 98.51 
M3-S6-m4 3.72 6.22 19.32 49.88 0.92 8.44 1.69 8.78 98.97 
M3-S6-m5 3.75 6.16 19.33 49.89 0.91 8.53 1.43 8.99 98.98 
M3-S7-m1 3.81 6.22 18.23 49.95 1.00 8.18 1.80 9.37 98.56 
M3-S7-m2 3.73 6.23 18.39 49.58 1.05 8.20 1.62 9.34 98.14 
M3-S7-m3 3.86 6.23 18.37 49.97 1.02 8.20 1.85 9.51 99.01 
M3-S7-m4 3.81 6.33 18.29 49.74 1.02 8.25 1.72 9.34 98.51 
M3-S7-m5 3.76 6.38 18.51 49.79 1.01 8.17 1.69 9.50 98.81 
M3-S8-m1 3.92 6.14 19.33 49.89 0.96 8.66 1.74 8.98 99.60 
M3-S8-m2 3.76 6.27 19.15 50.03 0.96 8.44 1.64 8.90 99.14 
M3-S8-m3 3.67 6.30 19.35 50.35 0.97 8.48 1.63 8.86 99.61 
M3-S8-m4 3.80 6.15 19.50 50.02 0.93 8.50 1.60 8.80 99.29 
M3-S9-m1 3.90 6.34 18.48 49.75 1.03 8.22 1.65 9.32 98.70 
M3-S9-m2 3.79 6.28 18.24 49.47 1.06 8.18 1.74 9.16 97.92 
M3-S9-m3 3.94 6.34 18.48 50.06 0.98 8.35 1.78 9.27 99.18 
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M3-S9-m4 3.82 6.28 18.45 49.72 1.01 8.26 1.92 9.32 98.78 
M3-S9-m5 3.86 6.25 18.47 50.17 1.01 8.23 1.74 9.53 99.27 
M4-S1-m1 3.52 6.03 19.09 49.74 0.98 8.48 1.56 8.88 98.28 
M4-S1-m2 3.52 6.01 19.13 50.04 0.91 8.28 1.65 9.04 98.59 
M4-S1-m3 3.53 6.13 19.13 50.30 0.93 8.52 1.63 8.78 98.95 
M4-S1-m4 3.47 6.11 18.87 49.75 0.87 8.45 1.62 8.80 97.95 
M4-S1-m5 3.40 6.14 18.83 50.18 0.94 8.40 1.65 8.80 98.35 
M4-S3-m1 3.51 6.11 18.87 50.37 0.95 8.41 1.61 8.75 98.59 
M4-S3-m2 3.53 6.14 18.93 50.30 0.97 8.29 1.72 9.39 99.27 
M4-S3-m3 3.48 6.12 18.88 50.34 0.98 8.11 1.57 9.14 98.63 
M4-S3-m4 3.47 6.15 18.99 50.23 1.00 8.29 1.67 8.70 98.49 
M4-S3-m5 3.50 6.08 18.82 50.36 0.97 8.16 1.50 9.09 98.47 
M4-S4-m1 3.35 6.05 18.55 50.82 0.98 8.07 1.70 8.84 98.37 
M4-S4-m2 3.41 6.04 18.68 51.03 0.98 7.98 1.65 8.85 98.62 
M4-S4-m3 3.47 6.02 18.60 50.47 1.03 8.21 1.79 9.09 98.68 
M4-S4-m4 3.39 6.16 18.67 50.76 1.03 8.03 1.71 9.31 99.05 
M4-S4-m5 3.35 5.95 18.57 51.05 0.99 8.28 1.65 8.97 98.80 
M4-S5-m1 3.53 6.30 18.85 50.48 0.95 8.19 1.58 8.94 98.81 
M4-S5-m2 3.36 6.12 18.80 50.18 0.91 8.36 1.50 9.06 98.29 
M4-S5-m3 3.48 6.12 18.96 50.31 1.00 8.48 1.50 9.11 98.96 
M4-S5-m4 3.49 6.20 19.03 50.36 0.98 8.32 1.69 8.98 99.06 
M4-S5-m5 3.42 6.24 18.94 50.02 0.98 8.36 1.77 8.94 98.66 
M4-S6-m1 3.51 6.31 19.32 50.35 0.93 8.45 1.67 9.27 99.81 
M4-S6-m2 3.44 6.07 19.40 50.57 0.96 8.55 1.53 8.74 99.26 
M4-S6-m3 3.50 6.37 19.15 50.62 0.94 8.51 1.70 9.04 99.84 
M4-S6-m4 3.46 6.39 19.24 50.74 0.90 8.44 1.62 8.74 99.52 
M4-S6-m5 3.51 6.28 19.50 50.37 0.91 8.47 1.70 9.23 99.97 
M4-S7-m1 3.43 6.14 18.92 50.59 1.00 8.22 1.77 9.02 99.10 
M4-S7-m2 3.42 6.18 18.86 50.40 0.98 8.29 1.79 8.77 98.70 
M4-S7-m3 3.46 6.12 19.21 50.52 1.04 8.20 1.54 9.08 99.17 
M4-S7-m4 3.43 6.12 18.86 50.10 1.00 8.15 1.59 8.87 98.13 
M4-S7-m5 3.48 6.12 18.85 50.64 1.01 8.30 1.68 9.22 99.29 
M4-S8-m1 3.50 6.04 19.33 50.42 0.94 8.41 1.58 8.94 99.15 
M4-S8-m2 3.48 6.11 19.11 50.33 0.94 8.37 1.51 9.02 98.87 
M4-S8-m3 3.39 6.09 19.20 50.11 0.97 8.50 1.50 9.24 99.02 
M4-S8-m4 3.43 6.05 19.06 50.30 1.01 8.30 1.61 8.95 98.71 
M4-S8-m5 3.51 6.18 19.26 50.35 0.94 8.35 1.60 9.17 99.36 
M4-S9-m1 3.42 6.15 18.75 50.60 0.98 8.43 1.62 9.27 99.21 
M4-S9-m2 3.31 6.15 18.84 50.34 1.01 8.33 1.58 8.78 98.35 
M4-S9-m3 3.46 6.13 18.80 50.40 1.00 8.27 1.72 8.99 98.77 
M4-S9-m4 3.42 6.16 18.88 50.34 1.01 8.29 1.60 9.41 99.11 
M4-S9-m5 3.36 6.14 18.84 50.34 0.98 8.35 1.50 8.99 98.50 
M5-S1-m1 3.97 5.57 18.77 50.28 1.11 8.14 1.89 9.12 98.85 
M5-S1-m2 4.01 5.44 18.86 50.58 1.14 8.12 1.74 8.74 98.64 
M5-S1-m3 3.94 5.55 18.97 50.59 1.12 8.24 1.65 8.91 98.97 
M5-S1-m4 3.83 5.61 18.53 50.27 1.05 8.29 1.50 9.02 98.10 
M5-S1-m5 3.87 5.47 18.53 50.10 1.07 8.21 1.70 8.83 97.79 
M5-S2-m1 3.94 5.37 18.73 50.72 1.17 8.07 1.64 9.23 98.86 
M5-S2-m2 3.87 5.45 18.52 50.59 1.13 8.16 1.66 9.22 98.60 
M5-S2-m3 3.88 5.53 18.65 51.02 1.10 8.04 1.59 9.20 99.02 
M5-S2-m4 3.86 5.45 18.28 50.51 1.10 8.06 1.71 9.07 98.04 
M5-S2-m5 3.93 5.53 18.51 50.74 1.13 8.19 1.83 9.11 98.97 
M5-S3-m1 3.98 5.51 18.55 50.37 1.17 7.98 1.72 9.16 98.45 
M5-S3-m2 3.98 5.53 18.59 49.95 1.13 7.85 1.55 8.84 97.42 
M5-S3-m3 3.99 5.53 18.46 50.18 1.13 8.00 1.64 9.26 98.19 
M5-S3-m4 3.98 5.46 18.65 50.51 1.15 7.97 1.65 8.99 98.35 
M5-S3-m5 4.03 5.42 18.59 50.52 1.12 7.91 1.96 9.06 98.61 
M5-S4-m1 4.13 5.42 18.65 50.58 1.15 8.14 1.82 9.23 99.11 
M5-S4-m2 4.02 5.45 18.81 50.57 1.15 8.17 1.68 9.12 98.97 
M5-S4-m3 3.97 5.42 18.56 50.57 1.13 8.20 1.67 9.11 98.62 
M5-S4-m4 4.00 5.40 18.57 50.71 1.10 8.05 1.90 8.99 98.71 
M5-S4-m5 4.03 5.41 18.69 50.55 1.09 8.14 1.69 9.20 98.81 
M5-S5-m1 3.93 5.62 18.81 50.58 1.07 8.24 1.67 8.78 98.70 
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M5-S5-m2 3.96 5.64 18.70 50.63 1.10 8.11 1.57 8.77 98.47 
M5-S5-m3 4.05 5.55 18.77 50.45 1.05 8.10 1.64 8.81 98.42 
M5-S5-m4 4.03 5.57 18.86 50.43 1.07 8.16 1.63 8.94 98.69 
M5-S5-m5 4.06 5.65 18.74 50.23 1.08 8.09 1.69 9.20 98.74 
M5-S6-m1 4.04 5.67 18.83 50.27 1.07 8.08 1.54 8.75 98.24 
M5-S6-m2 4.07 5.58 18.95 50.56 1.10 8.29 1.68 9.06 99.29 
M5-S6-m3 3.98 5.65 18.94 50.35 1.10 8.28 1.58 9.23 99.11 
M5-S6-m4 4.09 5.66 18.91 50.62 1.14 8.20 1.86 9.08 99.58 
M5-S6-m5 4.04 5.73 18.79 50.74 1.14 8.26 1.82 9.37 99.89 
M5-S7-m1 3.47 5.73 19.01 50.87 1.09 8.24 1.65 9.22 99.29 
M5-S7-m2 3.58 5.66 19.11 50.48 1.04 8.20 1.67 9.09 98.83 
M5-S7-m3 3.56 5.70 18.87 50.71 1.11 8.11 1.60 9.20 98.86 
M5-S7-m4 3.51 5.73 19.01 50.52 1.08 8.13 1.60 8.90 98.47 
M5-S7-m5 3.49 5.64 18.92 50.10 1.10 7.99 1.73 9.01 97.96 
M5-S8-m1 3.51 5.76 18.63 50.85 1.10 8.07 1.71 9.24 98.86 
M5-S8-m2 3.61 5.59 18.93 50.45 1.10 8.20 1.76 8.98 98.62 
M5-S8-m3 3.59 5.71 18.66 50.35 1.06 8.26 1.76 9.10 98.49 
M5-S8-m4 3.55 5.76 18.57 50.67 1.10 8.08 1.61 8.91 98.25 
M5-S8-m5 3.64 5.78 18.79 50.76 1.08 8.01 1.71 9.18 98.95 
M5-S9-m1 3.55 5.54 18.92 50.43 1.00 8.21 1.71 8.71 98.08 
M5-S9-m2 3.49 5.62 18.89 50.72 1.07 8.16 1.61 8.73 98.29 
M5-S9-m3 3.40 5.61 18.89 50.41 1.04 8.06 1.80 8.49 97.70 
M5-S9-m4 3.47 5.55 18.83 50.83 1.11 8.23 1.65 8.91 98.58 
M5-S9-m5 3.37 5.58 19.04 50.51 1.05 8.16 1.65 8.58 97.95 
M6-S1-m1 3.94 5.60 17.90 50.26 1.08 7.94 1.69 9.22 97.63 
M6-S1-m2 3.99 5.62 18.39 50.35 1.06 8.00 1.67 9.28 98.36 
M6-S1-m3 3.81 5.73 18.11 50.39 1.17 8.01 1.92 9.41 98.55 
M6-S1-m4 3.88 5.71 18.15 49.69 1.10 8.01 1.78 9.33 97.63 
M6-S1-m5 3.78 5.68 18.28 49.99 1.14 8.19 1.76 9.20 98.02 
M6-S2-m1 3.81 5.33 18.62 50.41 1.14 7.95 1.62 9.01 97.88 
M6-S2-m2 3.85 5.40 18.38 50.23 1.15 7.95 1.79 8.89 97.64 
M6-S2-m3 3.88 5.49 18.51 50.23 1.17 8.19 1.72 9.10 98.30 
M6-S2-m4 3.77 5.40 18.47 50.51 1.13 8.07 1.62 8.86 97.83 
M6-S2-m5 3.80 5.33 18.46 50.19 1.14 7.87 1.66 8.88 97.33 
M6-S3-m1 3.85 5.45 18.61 50.44 1.17 8.06 1.80 9.15 98.53 
M6-S3-m2 3.93 5.44 18.70 50.64 1.12 8.07 1.63 8.85 98.37 
M6-S3-m3 3.93 5.57 18.75 50.40 1.12 7.94 1.59 8.85 98.14 
M6-S3-m4 3.90 5.49 18.58 50.38 1.14 7.94 1.78 9.19 98.39 
M6-S3-m5 3.79 5.47 18.50 50.13 1.10 7.88 1.73 8.82 97.42 
M6-S4-m1 3.88 5.58 18.40 50.50 1.10 8.01 1.65 8.64 97.76 
M6-S4-m2 3.87 5.54 18.45 50.34 1.09 7.98 1.68 8.82 97.77 
M6-S4-m3 3.87 5.44 18.67 50.33 1.07 8.08 1.75 9.04 98.26 
M6-S4-m4 3.85 5.53 18.34 50.35 1.12 8.03 1.83 8.84 97.89 
M6-S4-m5 3.82 5.59 18.63 50.58 1.14 8.06 1.56 8.87 98.25 
M6-S6-m1 3.43 5.28 18.34 50.94 1.11 7.76 1.90 8.81 97.57 
M6-S6-m2 3.33 5.43 18.52 50.85 1.07 8.11 1.87 8.93 98.11 
M6-S6-m3 3.39 5.34 18.55 50.76 1.13 8.13 1.71 8.98 98.01 
M6-S6-m4 3.42 5.24 18.49 51.18 1.08 7.90 1.78 9.09 98.19 
M6-S6-m5 3.40 5.28 18.60 50.67 1.08 8.01 1.70 8.80 97.55 
M6-S7-m1 3.40 5.84 19.05 50.16 0.94 8.40 1.63 8.60 98.03 
M6-S7-m2 3.39 5.76 19.53 50.06 1.01 8.48 1.61 8.83 98.68 
M6-S7-m3 3.45 5.74 19.06 49.98 0.98 8.39 1.60 9.22 98.42 
M6-S7-m4 3.49 5.84 19.33 50.19 0.98 8.53 1.68 8.75 98.78 
M6-S7-m5 3.37 5.84 19.28 50.42 1.00 8.61 1.57 8.54 98.63 
M6-S8-m1 3.54 5.53 18.50 51.27 1.09 7.96 1.80 8.92 98.60 
M6-S8-m2 3.37 5.40 18.63 51.02 1.11 8.18 1.72 8.91 98.33 
M6-S8-m3 3.48 5.31 18.74 51.18 1.08 8.02 1.64 8.97 98.41 
M6-S8-m4 3.37 5.35 18.74 50.73 1.08 8.08 1.71 8.93 97.98 
M6-S8-m5 3.35 5.49 18.80 51.08 1.09 8.15 1.84 9.13 98.94 
M6-S9-m1 3.46 5.95 18.84 50.22 1.00 8.38 1.83 9.04 98.71 
M6-S9-m2 3.47 5.98 18.85 50.44 0.99 8.34 1.60 9.16 98.82 
M6-S9-m3 3.50 6.01 18.95 50.53 0.99 8.40 1.64 8.67 98.70 
M6-S9-m4 3.42 6.02 19.03 50.40 1.03 8.48 1.58 9.23 99.18 
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M6-S9-m5 3.41 5.95 18.73 50.53 1.00 8.37 1.63 8.95 98.57 
TR1-S1-m1 3.79 5.73 19.02 49.99 1.04 8.17 1.64 9.07 98.45 
TR1-S1-m2 3.79 5.69 18.65 50.01 1.04 8.12 1.58 8.78 97.66 
TR1-S1-m3 3.78 5.88 18.80 50.49 1.08 8.20 1.71 8.66 98.60 
TR1-S1-m4 3.90 5.82 18.75 50.17 1.15 8.21 1.76 8.91 98.67 
TR1-S1-m5 3.81 5.76 19.17 50.22 1.07 8.21 1.67 8.87 98.78 
TR1-S2-m1 3.76 5.61 18.77 50.49 1.06 8.23 1.56 8.77 98.25 
TR1-S2-m2 3.66 5.69 18.81 50.32 1.12 8.34 1.48 8.90 98.32 
TR1-S2-m3 3.76 5.62 18.87 50.33 1.03 8.15 1.69 8.89 98.34 
TR1-S2-m4 3.65 5.71 18.85 50.26 1.09 8.21 1.57 8.88 98.21 
TR1-S2-m5 3.69 5.65 19.01 50.08 1.11 8.22 1.55 8.94 98.26 
TR1-S3-m1 3.56 5.65 18.63 49.89 1.11 8.25 1.56 8.78 97.44 
TR1-S3-m2 3.68 5.76 18.96 50.07 1.11 8.04 1.58 8.58 97.78 
TR1-S3-m3 3.61 5.78 18.74 50.12 1.08 8.11 1.70 8.79 97.92 
TR1-S3-m4 3.65 5.73 18.85 50.12 1.07 8.20 1.81 8.84 98.27 
TR1-S3-m5 3.61 5.74 18.72 50.21 1.07 8.16 1.65 8.67 97.84 
TR1-S4-m1 3.65 5.68 18.79 50.02 1.05 8.16 1.59 8.77 97.71 
TR1-S4-m2 3.51 5.72 18.66 50.20 1.04 8.23 1.67 8.82 97.85 
TR1-S4-m3 3.54 5.62 18.79 50.23 1.07 8.25 1.55 9.00 98.05 
TR1-S4-m4 3.52 5.69 18.84 50.40 1.10 8.07 1.67 8.73 98.01 
TR1-S4-m5 3.50 5.67 18.83 49.97 1.10 8.08 1.63 8.65 97.44 
TR1-S5-m1 3.67 5.70 18.76 50.47 1.00 8.21 1.83 9.10 98.74 
TR1-S5-m2 3.53 5.71 18.90 50.19 1.02 8.04 1.57 9.04 98.00 
TR1-S5-m3 3.59 5.76 18.89 50.30 1.09 8.24 1.62 8.81 98.30 
TR1-S5-m4 3.58 5.68 18.94 50.25 1.07 8.22 1.61 8.82 98.17 
TR1-S5-m5 3.58 5.65 18.81 50.21 1.12 8.17 1.76 9.03 98.33 
TR2-S2-m1 3.63 5.42 18.87 50.31 1.15 8.12 1.68 8.97 98.15 
TR2-S2-m2 3.61 5.39 18.65 50.09 1.07 7.91 1.44 8.78 96.94 
TR2-S2-m3 3.74 5.48 18.72 50.13 1.06 8.07 1.60 9.01 97.82 
TR2-S2-m4 3.67 5.51 18.73 50.06 1.09 7.95 1.65 8.76 97.43 
TR2-S2-m5 3.66 5.41 18.59 50.06 1.06 8.02 1.63 9.01 97.44 
TR2-S4-m1 3.88 5.44 18.87 50.35 1.14 8.09 1.60 8.96 98.33 
TR2-S4-m2 3.79 5.40 18.80 50.19 1.11 8.07 1.61 9.11 98.08 
TR2-S4-m3 3.71 5.41 18.54 50.09 1.16 8.27 1.54 9.06 97.79 
TR2-S4-m4 3.81 5.56 18.80 50.57 1.09 8.01 1.74 9.10 98.68 
TR2-S4-m5 3.88 5.41 18.72 50.41 1.10 8.20 1.70 9.01 98.43 
TR2-S5-m1 3.81 5.45 18.85 50.24 1.08 8.10 1.61 9.16 98.31 
TR2-S5-m2 3.86 5.54 18.54 50.19 1.10 8.13 1.67 8.76 97.80 
TR2-S5-m3 3.92 5.54 18.52 50.32 1.11 8.22 1.60 9.01 98.24 
TR2-S5-m4 3.86 5.57 18.73 50.12 1.07 8.14 1.64 8.78 97.91 
TR2-S5-m5 3.84 5.55 18.83 50.44 1.11 8.09 1.73 8.93 98.53 
TR2-S6-m1 3.83 5.47 18.77 50.34 1.12 8.28 1.67 8.85 98.34 
TR2-S6-m2 3.81 5.57 18.94 49.94 1.07 8.04 1.69 8.78 97.84 
TR2-S6-m3 3.91 5.49 18.79 49.80 1.07 8.10 1.56 8.87 97.59 
TR2-S6-m4 3.79 5.49 18.85 49.99 1.09 8.08 1.66 9.16 98.13 
TR2-S6-m5 3.81 5.49 18.74 50.26 1.11 8.16 1.77 8.90 98.24 
TR2-S7-m1 3.73 5.50 18.72 50.48 1.08 8.18 1.74 9.29 98.72 
TR2-S7-m2 3.74 5.47 18.63 50.17 1.07 8.10 1.77 8.85 97.81 
TR2-S7-m3 3.75 5.36 18.89 50.36 1.06 8.05 1.65 9.22 98.35 
TR2-S7-m4 3.77 5.40 18.60 50.03 1.15 8.15 1.77 8.81 97.67 
TR2-S7-m5 3.68 5.49 18.66 50.24 1.07 7.92 1.60 8.85 97.51 
TR3-S1-m1 3.95 6.22 18.77 49.86 1.08 8.24 1.82 9.63 99.58 
TR3-S1-m2 4.01 6.15 18.19 49.99 1.09 7.94 1.62 9.74 98.73 
TR3-S1-m3 4.17 6.29 18.46 49.91 1.09 7.98 1.72 9.54 99.14 
TR3-S1-m4 4.08 6.09 18.16 49.74 0.98 8.11 1.68 9.33 98.16 
TR3-S1-m5 3.87 6.19 18.34 49.69 1.07 8.22 1.66 9.57 98.61 
TR3-S2-m1 3.94 6.21 18.43 50.07 1.02 8.16 1.73 9.71 99.27 
TR3-S2-m2 3.84 6.24 18.54 50.32 1.05 8.32 1.81 9.50 99.61 
TR3-S2-m3 3.90 6.20 18.23 50.34 1.07 8.24 1.77 9.92 99.66 
TR3-S2-m4 4.04 6.32 18.74 50.04 0.98 8.18 1.80 9.66 99.77 
TR3-S2-m5 3.95 6.21 18.52 50.91 1.07 8.42 1.70 9.47 100.25 
TR3-S3-m1 3.98 6.76 18.55 50.24 0.97 8.30 1.65 9.28 99.73 
TR3-S3-m2 3.91 6.78 18.63 50.51 0.95 8.27 1.47 9.51 100.03 
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TR3-S3-m3 4.10 6.65 18.77 50.19 1.04 8.34 1.55 9.55 100.19 
TR3-S3-m4 4.05 6.67 18.75 50.16 1.02 8.28 1.79 9.34 100.06 
TR3-S3-m5 4.04 6.70 18.68 49.94 1.04 8.07 1.67 9.05 99.17 
TR3-S4-m1 3.89 6.57 18.86 49.95 1.03 8.41 1.60 9.27 99.58 
TR3-S4-m2 3.94 6.69 18.78 50.32 0.91 8.46 1.60 9.27 99.99 
TR3-S4-m3 3.98 6.70 18.73 50.11 1.02 8.31 1.70 9.21 99.75 
TR3-S4-m4 3.96 6.59 18.74 50.24 1.02 8.28 1.56 9.44 99.83 
TR3-S4-m5 3.97 6.58 18.89 50.28 0.98 8.30 1.62 9.42 100.04 
TR3-S5-m1 4.04 6.73 18.27 49.24 0.92 8.07 1.68 9.40 98.35 
TR3-S5-m2 4.04 6.65 18.58 50.11 1.05 8.14 1.64 9.46 99.66 
TR3-S5-m3 3.96 6.74 18.36 49.93 0.97 8.18 1.69 9.45 99.28 
TR3-S5-m4 3.97 6.50 18.66 49.85 0.93 8.27 1.72 9.50 99.40 
TR3-S5-m5 4.06 6.62 18.93 50.03 1.04 8.10 1.63 9.57 99.99 
TR3-S6-m1 4.21 5.99 18.36 50.58 1.10 8.17 1.83 9.47 99.71 
TR3-S6-m2 4.16 5.83 18.44 50.05 1.11 8.13 1.73 9.59 99.05 
TR3-S6-m3 4.19 5.85 18.45 50.01 1.07 8.04 1.76 9.91 99.29 
TR3-S6-m4 4.09 5.95 18.50 50.42 1.07 8.15 1.65 9.53 99.36 
TR3-S6-m5 4.21 5.73 18.59 50.22 1.04 8.40 1.84 9.50 99.53 
TR3-S7-m1 4.11 5.79 18.74 50.68 1.03 8.32 1.86 9.76 100.30 
TR3-S7-m2 4.34 5.90 18.64 50.34 1.11 8.29 1.91 9.87 100.41 
TR3-S7-m3 4.21 5.81 18.20 50.11 1.12 8.09 1.94 9.62 99.10 
TR3-S7-m4 4.22 5.86 18.40 50.02 1.06 8.14 1.81 9.56 99.06 
TR3-S7-m5 4.20 5.72 18.49 50.55 1.10 8.23 1.77 9.96 100.02 
TR3-S8-m1 4.23 5.90 18.48 50.29 1.10 8.20 1.89 9.42 99.51 
TR3-S8-m2 4.22 5.95 18.45 50.28 1.03 8.22 1.80 9.50 99.45 
TR3-S8-m3 4.28 5.88 18.53 50.38 1.08 8.22 1.79 9.75 99.91 
TR3-S8-m4 4.34 5.87 18.58 50.44 1.01 8.12 1.83 9.53 99.72 
TR3-S8-m5 4.17 5.91 18.60 50.33 1.07 8.07 1.87 9.81 99.84 
TR3-S9-m1 4.04 6.59 18.76 49.92 1.07 8.19 1.66 9.27 99.51 
TR3-S9-m2 4.26 6.41 18.84 49.97 1.07 8.27 1.57 9.38 99.78 
TR3-S9-m3 4.08 6.60 18.98 49.99 1.03 8.31 1.51 9.27 99.77 
TR3-S9-m4 4.15 6.56 18.82 49.83 1.04 8.23 1.62 9.12 99.37 
TR3-S9-m5 4.18 6.62 18.86 50.19 1.05 8.44 1.48 9.55 100.39 
TR3-S10-m1 4.06 6.52 18.68 49.83 0.94 8.19 1.65 9.45 99.30 
TR3-S10-m2 4.13 6.74 18.75 49.69 1.07 8.17 1.58 9.24 99.37 
TR3-S10-m3 4.08 6.54 18.60 49.79 1.01 8.43 1.69 9.05 99.20 
TR3-S10-m4 4.00 6.66 18.66 49.77 1.05 8.17 1.63 9.39 99.33 
TR3-S10-m5 4.02 6.52 18.77 50.10 1.01 8.31 1.74 9.51 99.97 
TR3-S11-m1 3.92 6.20 19.66 49.73 0.96 8.68 1.68 8.80 99.62 
TR3-S11-m2 3.80 6.23 19.40 50.18 0.86 8.66 1.52 8.81 99.46 
TR3-S11-m3 3.81 6.19 19.45 50.00 0.93 8.57 1.56 8.88 99.39 
TR3-S11-m4 3.87 6.20 19.44 49.74 0.91 8.69 1.70 8.85 99.41 
TR3-S11-m5 3.84 6.17 19.34 50.02 0.89 8.57 1.49 9.13 99.45 
TR3-S12-m1 3.99 6.13 19.22 50.15 0.94 8.50 1.64 9.17 99.74 
TR3-S12-m2 3.84 6.16 19.36 50.11 1.04 8.59 1.53 9.09 99.74 
TR3-S12-m3 3.95 6.11 19.31 50.29 0.99 8.56 1.65 9.44 100.30 
TR3-S12-m4 3.91 6.07 19.09 50.36 0.96 8.68 1.77 9.18 100.03 
TR3-S12-m5 3.70 6.35 19.15 49.86 1.00 8.59 1.34 9.07 99.05 
TR4-S1-m1 3.96 5.61 18.54 50.98 1.17 8.05 1.65 9.27 99.21 
TR4-S1-m2 3.99 5.64 18.63 50.79 1.11 8.13 1.85 9.16 99.30 
TR4-S1-m3 4.04 5.60 18.57 50.98 1.11 8.09 1.61 9.14 99.14 
TR4-S1-m4 4.06 5.55 18.68 50.57 1.15 8.14 1.78 9.15 99.07 
TR4-S1-m5 4.06 5.56 18.69 50.71 1.15 8.12 1.68 9.23 99.19 
TR4-S3-m1 4.04 5.63 18.98 50.71 1.10 7.90 1.65 8.94 98.96 
TR4-S3-m2 3.92 5.52 18.97 50.74 1.14 8.21 1.68 8.90 99.08 
TR4-S3-m3 3.89 5.48 18.92 50.87 1.04 8.15 1.68 9.31 99.32 
TR4-S3-m4 3.87 5.53 19.04 50.92 1.07 8.29 1.72 9.24 99.66 
TR4-S3-m5 3.92 5.59 19.04 50.71 1.16 8.29 1.81 9.08 99.61 
TR4-S4-m1 3.74 5.69 18.61 50.54 1.12 7.99 1.59 9.20 98.49 
TR4-S4-m2 3.87 5.65 18.81 50.71 1.12 8.12 1.83 9.38 99.50 
TR4-S4-m3 3.87 5.88 18.67 50.58 1.13 7.94 1.73 9.13 98.93 
TR4-S4-m4 3.83 5.65 18.81 50.59 1.13 8.14 1.69 9.33 99.16 
TR4-S4-m5 3.83 5.81 18.52 50.39 1.14 8.13 1.68 9.05 98.56 
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TR4-S5-m1 3.70 5.59 18.88 51.08 1.13 8.15 1.75 9.03 99.30 
TR4-S5-m2 3.88 5.49 18.87 50.73 1.11 8.04 1.70 9.09 98.92 
TR4-S5-m3 3.74 5.64 18.82 50.91 1.13 8.19 1.62 9.03 99.06 
TR4-S5-m4 3.76 5.49 18.78 50.60 1.11 8.01 1.66 9.20 98.61 
TR4-S5-m5 3.79 5.54 18.84 50.70 1.17 8.05 1.76 9.28 99.12 
TR4-S6-m1 4.17 5.56 19.00 51.11 1.15 8.20 1.71 9.33 100.23 
TR4-S6-m2 4.31 5.60 18.92 50.95 1.12 8.10 1.55 8.96 99.51 
TR4-S6-m3 4.28 5.74 18.83 50.92 1.16 8.14 1.77 9.35 100.19 
TR4-S6-m4 4.19 5.56 18.92 50.76 1.07 8.23 1.71 9.21 99.63 
TR4-S6-m5 4.21 5.56 18.97 50.72 1.13 8.34 1.58 9.13 99.63 
TR4-S7-m1 4.34 5.54 18.71 50.66 1.16 8.15 1.64 9.25 99.45 
TR4-S7-m2 4.24 5.55 18.67 50.53 1.12 8.13 1.60 9.29 99.14 
TR4-S7-m3 4.17 5.50 18.96 50.47 1.12 8.05 1.71 9.21 99.19 
TR4-S7-m4 4.29 5.52 18.59 50.68 1.17 8.19 1.71 8.99 99.14 
TR4-S7-m5 4.30 5.60 18.69 50.86 1.11 8.03 1.88 9.08 99.55 
TR4-S8-m1 4.22 5.89 18.90 50.83 1.09 8.13 1.70 8.88 99.65 
TR4-S8-m2 4.22 5.88 19.22 50.39 1.10 8.30 1.57 9.29 99.97 
TR4-S8-m3 4.30 5.92 19.09 50.57 1.13 8.27 1.56 9.31 100.17 
TR4-S8-m4 4.24 6.01 19.04 50.49 1.12 8.14 1.82 9.00 99.86 
TR4-S8-m5 4.33 5.98 19.10 50.42 1.05 8.29 1.66 9.13 99.96 
TR4-S9-m1 4.27 5.58 18.94 50.55 1.11 8.23 1.69 9.44 99.81 
TR4-S9-m2 4.15 5.60 18.83 50.56 1.14 8.24 1.73 9.21 99.46 
TR4-S9-m3 4.21 5.61 19.04 51.08 1.11 8.20 1.72 9.62 100.59 
TR4-S9-m4 4.25 5.62 19.05 51.02 1.10 8.11 1.82 9.40 100.37 
TR4-S9-m5 4.17 5.52 18.96 50.85 1.18 8.16 1.78 9.14 99.77 
TR4-S10-m1 4.10 5.69 19.07 50.54 1.12 8.05 1.68 9.29 99.54 
TR4-S10-m2 4.26 5.58 19.08 50.25 1.09 8.40 1.74 9.01 99.41 
TR4-S10-m3 4.19 5.68 19.14 50.74 1.07 8.22 1.68 9.02 99.74 
TR4-S10-m4 4.06 5.63 19.08 50.72 1.13 8.14 1.56 9.36 99.68 
TR4-S10-m5 4.16 5.68 19.01 50.47 1.09 8.18 1.68 9.12 99.40 
A2-S1-m1 3.36 6.16 18.65 49.94 1.00 8.28 1.62 9.36 98.37 
A2-S1-m2 3.51 6.22 18.76 49.97 1.02 8.22 1.74 9.37 98.81 
A2-S1-m3 3.41 6.21 18.49 49.89 0.98 8.25 1.66 9.38 98.27 
A2-S1-m4 3.37 6.10 18.53 49.94 1.05 8.22 1.70 9.53 98.43 
A2-S1-m5 3.49 6.22 18.72 50.08 1.00 8.25 1.82 9.33 98.91 
A2-S2-m1 3.36 5.92 18.72 50.27 0.98 8.26 1.76 9.12 98.39 
A2-S2-m2 3.43 5.90 18.66 50.68 0.97 8.19 1.61 9.01 98.44 
A2-S2-m3 3.35 5.89 19.06 50.52 0.90 8.14 1.79 8.96 98.60 
A2-S2-m4 3.41 5.99 18.83 50.60 0.97 8.31 1.70 9.12 98.93 
A2-S2-m5 3.46 5.95 18.85 50.29 0.99 8.25 1.62 9.01 98.43 
A2-S3-m1 3.52 5.96 18.82 50.54 0.98 8.18 1.84 9.25 99.08 
A2-S3-m2 3.34 6.03 18.59 50.55 1.04 8.10 1.56 9.12 98.32 
A2-S3-m3 3.40 6.11 18.61 51.09 0.95 8.14 1.80 9.20 99.30 
A2-S3-m4 3.44 5.93 18.49 50.60 0.99 8.27 1.58 9.25 98.55 
A2-S3-m5 3.42 6.17 18.59 50.59 1.03 8.34 1.65 9.27 99.05 
A2-S5-m1 3.67 6.15 18.85 49.99 1.00 8.26 1.74 9.20 98.86 
A2-S5-m2 3.71 6.13 18.85 50.03 0.96 8.42 1.70 9.30 99.10 
A2-S5-m3 3.70 6.08 18.64 50.15 1.05 8.14 1.74 9.17 98.66 
A2-S5-m4 3.75 6.17 19.00 50.30 1.09 8.29 1.70 9.23 99.53 
A2-S5-m5 3.64 6.19 18.91 50.00 1.06 8.46 1.61 9.44 99.32 
A2-S6-m1 3.65 6.09 18.67 49.31 0.96 8.47 1.75 9.17 98.07 
A2-S6-m2 3.57 6.10 18.51 49.61 1.03 8.40 1.64 9.30 98.18 
A2-S6-m3 3.58 6.16 18.69 49.87 0.98 8.39 1.63 9.36 98.66 
A2-S6-m4 3.53 6.14 18.49 49.30 0.98 8.23 1.81 8.86 97.35 
A2-S6-m5 3.54 6.26 18.59 49.96 1.05 8.45 1.72 9.39 98.95 
A2-S7-m1 3.73 6.15 18.73 49.91 0.99 8.35 1.79 9.32 98.96 
A2-S7-m2 3.72 5.98 18.58 50.07 1.00 8.26 1.75 9.46 98.81 
A2-S7-m3 3.78 6.10 18.68 49.73 1.03 8.20 1.74 9.50 98.76 
A2-S7-m4 3.72 6.27 18.82 49.90 1.07 8.01 1.84 9.55 99.17 
A2-S7-m5 3.74 6.24 18.74 49.75 1.07 8.33 1.81 9.55 99.24 
A2-S8-m1 3.65 6.26 18.63 50.03 0.96 8.40 1.90 9.34 99.18 
A2-S8-m2 3.65 6.29 18.70 49.97 1.02 8.29 1.55 9.27 98.74 
A2-S8-m3 3.72 6.23 18.44 50.08 1.04 8.38 1.79 9.17 98.85 
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A2-S8-m4 3.73 6.06 18.91 49.70 1.00 8.20 1.61 9.32 98.52 
A2-S8-m5 3.66 6.20 18.61 50.05 0.96 8.20 1.73 9.44 98.85 
A2-S9-m1 3.71 6.07 19.15 49.86 1.01 8.45 1.57 9.32 99.14 
A2-S9-m2 3.75 6.15 19.00 50.16 0.99 8.36 1.62 9.26 99.31 
A2-S9-m3 3.64 6.17 18.99 49.87 1.00 8.39 1.74 8.95 98.75 
A2-S9-m4 3.70 6.05 19.01 50.35 1.02 8.46 1.62 9.21 99.42 
A2-S9-m5 3.67 6.11 18.95 50.13 0.95 8.58 1.47 9.13 98.99 
A2-S10-m1 3.72 6.08 18.78 49.87 1.02 8.25 1.74 9.41 98.87 
A2-S10-m2 3.69 6.09 18.92 50.09 1.00 8.28 1.61 9.20 98.88 
A2-S10-m3 3.68 6.04 18.71 49.66 0.99 8.25 1.63 9.69 98.64 
A2-S10-m4 3.66 6.18 18.52 49.99 1.04 8.39 1.67 9.50 98.97 
A2-S10-m5 3.67 5.96 18.81 49.95 1.04 8.21 1.76 9.42 98.82 
A4-S1-m1 3.66 6.19 19.36 49.77 0.94 8.59 1.37 8.81 98.68 
A4-S1-m2 3.45 6.37 19.39 49.89 0.88 8.62 1.51 8.87 98.99 
A4-S1-m3 3.52 6.31 19.16 49.89 0.86 8.48 1.68 8.84 98.75 
A4-S1-m4 3.44 6.20 19.43 50.37 0.88 8.54 1.57 9.00 99.43 
A4-S1-m5 3.53 6.19 19.37 49.95 0.98 8.71 1.65 8.95 99.34 
A4-S2-m1 3.39 6.04 19.42 49.98 0.95 8.62 1.58 8.67 98.66 
A4-S2-m2 3.54 5.96 19.36 49.78 0.92 8.54 1.50 8.74 98.35 
A4-S2-m3 3.52 5.99 19.08 49.79 0.93 8.57 1.52 8.55 97.96 
A4-S2-m4 3.48 6.00 19.19 49.74 0.95 8.40 1.67 8.72 98.15 
A4-S2-m5 3.54 6.01 19.40 49.94 0.96 8.44 1.52 8.72 98.53 
A4-S3-m1 3.39 6.18 19.18 49.70 0.96 8.44 1.71 8.62 98.18 
A4-S3-m2 3.28 6.18 18.99 50.16 0.95 8.48 1.63 8.90 98.57 
A4-S3-m3 3.41 6.10 19.19 49.94 0.87 8.47 1.49 8.95 98.43 
A4-S3-m4 3.57 6.33 19.13 50.20 0.90 8.60 1.61 9.08 99.42 
A4-S3-m5 3.41 6.19 19.25 49.97 0.94 8.56 1.70 9.06 99.08 
A4-S4-m1 3.53 6.32 19.51 50.04 0.89 8.61 1.55 8.77 99.22 
A4-S4-m2 3.40 6.29 19.24 50.29 0.92 8.67 1.63 8.56 99.00 
A4-S4-m3 3.41 6.13 19.33 49.73 0.91 8.51 1.51 8.63 98.16 
A4-S4-m4 3.37 6.04 19.62 50.53 0.94 8.72 1.54 8.76 99.52 
A4-S4-m5 3.50 6.18 19.49 50.36 0.90 8.48 1.55 9.06 99.52 
A4-S5-m1 3.43 6.03 19.31 50.19 0.93 8.47 1.55 9.11 99.03 
A4-S5-m2 3.39 6.02 19.09 49.86 0.94 8.37 1.48 8.84 97.99 
A4-S5-m3 3.52 6.15 19.17 50.35 0.90 8.55 1.56 8.94 99.13 
A4-S5-m4 3.47 6.16 19.30 50.42 0.96 8.39 1.51 8.99 99.21 
A4-S5-m5 3.54 6.31 19.16 50.37 0.99 8.55 1.54 9.06 99.52 
A4-S6-m1 3.47 5.96 19.38 50.41 0.89 8.49 1.49 8.75 98.86 
A4-S6-m2 3.36 5.94 19.47 50.11 0.87 8.54 1.60 8.81 98.69 
A4-S6-m3 3.27 6.05 19.20 50.65 0.90 8.41 1.61 8.66 98.76 
A4-S6-m4 3.33 5.87 19.23 49.31 0.96 8.45 1.43 8.47 97.05 
A4-S6-m5 3.42 6.00 19.27 49.84 0.88 8.47 1.60 8.97 98.45 
A4-S7-m1 3.48 6.03 19.15 50.43 0.86 8.37 1.60 8.67 98.58 
A4-S7-m2 3.37 5.97 19.31 50.51 0.93 8.29 1.60 8.79 98.78 
A4-S7-m3 3.45 6.04 19.26 50.58 0.93 8.40 1.65 8.85 99.16 
A4-S7-m4 3.41 5.99 19.17 50.02 0.96 8.38 1.53 8.81 98.26 
A4-S7-m5 3.33 6.07 19.48 50.14 0.90 8.29 1.63 8.93 98.77 
A4-S8-m1 3.34 5.93 18.53 50.71 0.93 8.26 1.76 9.08 98.54 
A4-S8-m2 3.38 6.00 18.48 50.12 1.00 8.08 1.73 9.11 97.91 
A4-S8-m3 3.48 6.00 18.27 50.38 0.99 7.91 1.68 8.91 97.64 
A4-S8-m4 3.42 5.90 18.40 50.58 0.98 8.15 1.67 9.06 98.17 
A4-S8-m5 3.48 5.96 18.28 50.76 0.93 8.02 1.73 9.25 98.41 
A4-S9-m1 3.40 6.42 18.77 50.04 0.95 8.28 1.65 8.94 98.44 
A4-S9-m2 3.40 6.31 18.78 49.79 0.95 8.43 1.67 9.17 98.50 
A4-S9-m3 3.44 6.51 18.90 49.79 0.89 8.31 1.74 9.16 98.74 
A4-S9-m4 3.39 6.26 18.83 49.94 0.97 8.38 1.44 9.04 98.23 
A4-S9-m5 3.38 6.43 19.07 49.66 0.93 8.31 1.62 9.18 98.59 
A4-S10-m1 3.36 6.22 18.51 50.09 1.02 8.27 1.67 9.18 98.31 
A4-S10-m2 3.37 6.21 18.64 49.81 0.98 8.26 1.70 9.24 98.22 
A4-S10-m3 3.40 6.09 18.64 49.63 0.96 8.17 1.67 9.39 97.94 
A4-S10-m4 3.41 6.22 18.59 50.16 0.98 8.27 1.73 9.09 98.45 
A4-S10-m5 3.53 6.10 18.57 50.12 0.96 8.16 1.56 9.38 98.39 
A6-S1-m1 3.41 6.24 18.94 49.82 0.92 8.31 1.61 9.04 98.29 
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A6-S1-m2 3.25 6.18 18.90 50.29 0.91 8.09 1.62 8.65 97.90 
A6-S1-m3 3.35 6.02 18.82 50.26 0.97 8.30 1.39 8.77 97.88 
A6-S1-m4 3.44 6.14 18.73 50.31 0.91 8.10 1.57 8.80 97.98 
A6-S1-m5 3.45 6.03 18.76 50.17 0.97 8.31 1.53 8.80 98.01 
A6-S2-m1 3.36 5.93 19.39 50.12 0.86 8.21 1.59 8.66 98.12 
A6-S2-m2 3.31 5.89 19.28 50.14 0.87 8.46 1.63 8.23 97.81 
A6-S2-m3 3.28 5.86 19.24 50.41 0.91 8.31 1.56 8.67 98.24 
A6-S2-m4 3.43 6.14 19.33 50.05 0.88 8.36 1.49 8.63 98.30 
A6-S2-m5 3.38 5.84 19.35 50.47 0.85 8.46 1.41 8.60 98.35 
A6-S3-m1 3.32 6.10 18.75 50.23 0.91 8.38 1.59 8.91 98.17 
A6-S3-m2 3.31 6.04 18.82 49.75 0.93 8.18 1.52 9.00 97.55 
A6-S3-m3 3.43 6.10 18.85 50.16 0.90 8.23 1.56 8.89 98.12 
A6-S3-m4 3.39 6.01 18.90 49.96 0.93 8.38 1.63 9.15 98.36 
A6-S3-m5 3.25 6.20 18.90 50.05 0.93 8.25 1.59 9.11 98.29 
A6-S4-m1 3.44 6.15 19.27 49.75 0.89 8.47 1.63 9.13 98.74 
A6-S4-m2 3.45 6.10 19.39 49.87 0.94 8.45 1.54 8.87 98.62 
A6-S4-m3 3.63 6.15 19.54 49.93 0.93 8.41 1.62 8.89 99.11 
A6-S4-m4 3.43 6.07 19.50 49.88 0.95 8.67 1.55 8.79 98.84 
A6-S4-m5 3.46 6.02 19.35 49.94 0.94 8.43 1.61 9.04 98.79 
A6-S5-m1 3.52 6.17 19.46 49.30 0.96 8.37 1.70 8.77 98.25 
A6-S5-m2 3.49 5.94 19.23 50.15 0.96 8.59 1.61 8.62 98.59 
A6-S5-m3 3.43 6.15 19.49 49.81 0.90 8.50 1.56 8.74 98.58 
A6-S5-m4 3.54 6.16 19.46 50.02 0.96 8.61 1.62 9.01 99.37 
A6-S5-m5 3.53 6.04 19.37 50.01 0.91 8.47 1.55 8.94 98.82 
A6-S6-m1 3.42 6.06 19.37 50.29 0.88 8.57 1.69 8.86 99.13 
A6-S6-m2 3.48 6.09 19.18 49.84 0.93 8.61 1.58 8.63 98.35 
A6-S6-m3 3.46 6.06 19.34 49.93 0.96 8.51 1.54 8.52 98.31 
A6-S6-m4 3.43 6.09 19.44 50.12 0.97 8.53 1.50 8.89 98.98 
A6-S6-m5 3.41 6.28 19.52 49.75 0.92 8.55 1.54 8.75 98.73 
A6-S7-m1 3.46 5.97 19.53 50.00 0.88 8.42 1.60 8.62 98.48 
A6-S7-m2 3.39 6.10 19.56 49.82 0.89 8.44 1.77 8.82 98.80 
A6-S7-m3 3.51 6.11 19.64 50.07 0.93 8.56 1.72 8.84 99.38 
A6-S7-m4 3.39 6.07 19.41 49.86 0.94 8.47 1.52 8.53 98.19 
A6-S7-m5 3.42 5.97 19.48 49.71 0.87 8.47 1.64 8.78 98.34 
A6-S8-m1 3.58 6.09 19.44 49.92 0.97 8.70 1.46 8.75 98.90 
A6-S8-m2 3.28 6.03 19.00 49.70 0.93 8.55 1.69 8.53 97.71 
A6-S8-m3 3.41 6.20 19.17 49.79 0.93 8.64 1.57 8.81 98.51 
A6-S8-m4 3.51 6.18 19.38 49.92 0.94 8.53 1.55 8.59 98.58 
A6-S8-m5 3.45 6.16 19.28 49.95 0.93 8.66 1.66 8.82 98.91 
A6-S9-m1 3.40 6.15 19.20 49.79 0.91 8.57 1.50 8.56 98.09 
A6-S9-m2 3.26 6.12 19.19 49.72 0.92 8.48 1.54 8.72 97.94 
A6-S9-m3 3.36 6.08 19.44 49.63 0.94 8.60 1.66 8.97 98.67 
A6-S9-m4 3.45 5.97 19.37 49.72 0.94 8.40 1.43 8.62 97.90 
A6-S9-m5 3.39 6.04 19.09 49.67 0.97 8.43 1.55 8.65 97.78 
A8-S1-m1 3.76 6.26 19.26 49.61 0.89 8.56 1.63 8.96 98.92 
A8-S1-m2 3.76 6.22 19.12 49.70 1.01 8.43 1.43 8.87 98.54 
A8-S1-m3 3.72 6.27 19.27 49.84 0.93 8.54 1.72 8.67 98.96 
A8-S1-m4 3.80 6.23 19.30 49.55 0.92 8.40 1.50 8.69 98.39 
A8-S1-m5 3.78 6.44 19.38 49.67 0.95 8.59 1.69 8.70 99.19 
A8-S2-m1 3.78 6.26 19.52 49.76 0.90 8.54 1.46 8.83 99.05 
A8-S2-m2 3.63 6.29 19.16 49.79 0.91 8.60 1.59 8.86 98.83 
A8-S2-m3 3.63 6.29 19.29 49.92 0.95 8.56 1.57 8.90 99.10 
A8-S2-m4 3.73 6.23 19.52 49.97 0.96 8.50 1.43 8.85 99.19 
A8-S3-m1 3.78 6.48 18.57 49.36 0.93 8.19 1.58 9.00 97.90 
A8-S3-m2 3.81 6.49 18.66 49.58 0.97 8.27 1.70 9.17 98.65 
A8-S3-m3 3.78 6.49 18.85 49.63 1.03 8.42 1.54 9.21 98.94 
A8-S3-m4 3.83 6.36 18.77 49.73 0.98 8.29 1.74 9.31 99.01 
A8-S3-m5 3.79 6.40 18.77 49.89 0.93 8.43 1.69 9.01 98.90 
A8-S5-m1 3.72 6.25 19.46 49.73 0.97 8.65 1.58 8.68 99.05 
A8-S5-m2 3.65 6.22 19.36 49.77 0.84 8.58 1.47 8.79 98.68 
A8-S5-m3 3.70 6.19 19.54 49.78 0.90 8.67 1.57 8.71 99.06 
A8-S5-m4 3.81 6.24 19.54 49.53 0.92 8.66 1.64 8.61 98.95 
A8-S5-m5 3.81 6.02 19.39 49.88 0.90 8.68 1.48 8.69 98.85 
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A8-S6-m1 3.69 6.54 18.36 50.01 0.97 8.19 1.67 9.46 98.89 
A8-S6-m2 3.70 6.55 18.52 49.35 0.93 8.34 1.75 9.38 98.53 
A8-S6-m3 3.86 6.46 18.13 50.12 0.98 8.17 1.65 9.33 98.69 
A8-S6-m4 3.78 6.67 18.42 49.88 0.97 8.15 1.76 9.45 99.09 
A8-S6-m5 3.69 6.70 18.33 49.93 0.94 8.21 1.72 9.49 99.00 
A8-S7-m1 3.87 6.52 18.69 50.03 0.95 8.27 1.68 9.28 99.29 
A8-S7-m2 3.76 6.44 18.72 49.82 1.00 8.48 1.69 9.10 99.02 
A8-S7-m3 3.85 6.44 18.62 49.55 0.94 8.19 1.60 9.50 98.68 
A8-S7-m4 3.66 6.32 18.80 49.71 0.98 8.38 1.65 9.13 98.63 
A8-S7-m5 3.77 6.52 18.90 49.72 0.95 8.38 1.65 9.39 99.31 
A8-S8-m1 3.57 6.21 19.23 48.96 0.98 8.42 1.53 8.90 97.79 
A8-S8-m2 3.85 6.31 19.32 49.89 0.91 8.56 1.50 8.81 99.14 
A8-S8-m3 3.59 6.16 19.32 49.57 0.89 8.52 1.53 8.80 98.38 
A8-S8-m4 3.69 6.27 19.37 49.60 0.88 8.48 1.64 8.95 98.89 
A8-S8-m5 3.68 6.41 19.15 49.94 0.88 8.57 1.70 8.84 99.17 
A8-S9-m1 3.78 6.42 18.85 49.97 0.96 8.29 1.72 9.21 99.20 
A8-S9-m2 3.76 6.49 18.57 50.10 0.97 8.29 1.65 9.16 99.00 
A8-S9-m3 3.53 6.67 18.72 49.98 0.99 8.35 1.63 8.94 98.81 
A8-S9-m4 3.70 6.52 18.81 49.87 1.03 8.34 1.67 9.23 99.15 
A8-S9-m5 3.69 6.54 18.83 50.13 0.98 8.27 1.69 9.23 99.36 
A8-S10-m1 3.80 6.40 19.01 49.68 0.89 8.20 1.63 9.35 98.96 
A8-S10-m2 3.79 6.46 18.79 49.53 0.94 8.27 1.59 9.04 98.40 
A8-S10-m3 3.76 6.54 18.80 49.59 0.96 8.25 1.66 9.05 98.60 
A8-S10-m4 3.71 6.61 18.77 50.09 0.96 8.32 1.59 9.21 99.26 
A8-S10-m5 3.81 6.46 18.82 49.77 0.99 8.38 1.58 9.29 99.10 
A10-S1-m1 3.49 6.04 18.60 50.63 0.94 8.20 1.88 9.33 99.10 
A10-S1-m2 3.51 6.13 18.56 50.04 0.99 8.18 1.72 9.35 98.49 
A10-S1-m3 3.34 6.11 18.66 50.03 1.05 8.20 1.67 9.52 98.58 
A10-S1-m4 3.53 6.11 18.49 50.01 0.97 8.06 1.73 9.39 98.28 
A10-S1-m5 3.55 6.17 18.64 50.25 1.02 8.18 1.82 9.35 98.99 
A10-S2-m1 3.53 6.19 18.64 50.27 0.96 8.20 1.75 9.56 99.12 
A10-S2-m2 3.55 6.30 18.69 50.15 1.00 8.31 1.70 9.24 98.94 
A10-S2-m3 3.52 6.27 18.82 49.98 0.99 8.15 1.78 9.24 98.75 
A10-S2-m4 3.52 6.34 18.54 50.17 1.00 8.33 1.68 9.15 98.74 
A10-S2-m5 3.49 6.32 18.71 49.91 0.98 8.17 1.73 9.51 98.83 
A10-S3-m1 3.60 6.28 18.61 49.89 1.04 8.32 1.60 9.44 98.78 
A10-S3-m2 3.53 6.16 18.51 49.65 1.02 8.43 1.62 9.51 98.44 
A10-S3-m3 3.57 6.16 18.55 49.88 0.96 8.31 1.72 9.38 98.54 
A10-S3-m4 3.59 6.13 18.51 50.20 1.06 8.24 1.65 9.45 98.83 
A10-S3-m5 3.68 6.34 18.54 50.48 1.01 8.28 1.66 9.38 99.38 
A10-S4-m1 3.54 6.18 18.86 50.19 0.90 8.47 1.58 9.01 98.73 
A10-S4-m2 3.38 6.17 18.85 50.32 0.91 8.55 1.63 9.09 98.89 
A10-S4-m3 3.45 6.26 18.89 50.18 0.93 8.60 1.71 8.96 98.98 
A10-S4-m4 3.43 6.23 18.86 49.73 0.93 8.20 1.58 8.82 97.78 
A10-S4-m5 3.47 6.07 18.97 50.02 0.95 8.35 1.64 8.80 98.27 
A10-S5-m1 3.37 6.41 18.42 50.21 0.94 8.08 1.63 9.50 98.55 
A10-S5-m2 3.54 6.39 18.55 50.03 0.96 8.08 1.62 9.47 98.63 
A10-S5-m3 3.56 6.29 18.49 49.99 1.05 8.17 1.80 9.63 98.98 
A10-S5-m4 3.44 6.40 18.30 49.85 0.99 8.15 1.64 9.38 98.16 
A10-S5-m5 3.47 6.43 18.33 50.09 0.98 8.09 1.65 9.32 98.35 
A10-S6-m1 3.51 6.07 19.01 50.12 0.93 8.35 1.60 8.94 98.52 
A10-S6-m2 3.54 6.19 19.25 50.30 0.96 8.36 1.52 8.89 99.01 
A10-S6-m3 3.36 6.24 18.93 50.09 0.94 8.60 1.66 8.95 98.76 
A10-S6-m4 3.41 6.06 19.08 50.25 0.95 8.63 1.48 9.18 99.04 
A10-S6-m5 3.54 5.92 19.07 50.51 0.96 8.53 1.52 8.96 99.00 
A10-S7-m1 3.44 6.21 19.06 50.09 1.01 8.38 1.70 8.96 98.86 
A10-S7-m2 3.48 6.23 18.95 49.93 0.99 8.40 1.46 9.05 98.49 
A10-S7-m3 3.58 6.22 18.99 50.07 0.93 8.43 1.49 9.06 98.77 
A10-S7-m4 3.51 6.37 18.70 50.21 0.94 8.17 1.54 9.25 98.69 
A10-S7-m5 3.47 6.40 19.02 49.99 0.91 8.14 1.62 9.19 98.73 
A10-S8-m1 3.55 5.97 19.08 50.14 0.97 8.48 1.61 9.11 98.91 
A10-S8-m2 3.37 5.98 18.79 50.17 1.03 8.24 1.73 9.10 98.42 
A10-S8-m3 3.42 6.02 18.87 50.32 0.98 8.24 1.63 9.25 98.72 
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A10-S8-m4 3.51 6.02 18.99 49.94 1.01 8.38 1.66 9.11 98.64 
A10-S8-m5 3.58 5.91 18.77 50.12 0.96 8.32 1.61 9.38 98.65 
A10-S9-m1 3.53 6.05 18.47 50.20 0.97 8.25 1.77 9.51 98.75 
A10-S9-m2 3.59 6.07 18.46 50.22 0.98 8.23 1.79 9.54 98.88 
A10-S9-m3 3.60 6.12 18.43 49.73 0.98 8.25 1.77 9.52 98.39 
A10-S9-m4 3.47 6.03 18.37 50.42 1.03 8.27 1.69 9.35 98.64 
A10-S9-m5 3.54 6.08 18.55 50.27 1.10 8.27 1.77 9.67 99.25 
A10-S10-m1 3.46 6.14 18.69 49.99 1.02 8.31 1.72 9.29 98.64 
A10-S10-m2 3.60 5.94 19.10 50.15 1.04 8.31 1.45 8.86 98.44 
A10-S10-m3 3.50 6.01 19.13 50.16 0.97 8.31 1.70 8.87 98.65 
A10-S10-m4 3.44 6.08 18.75 49.93 0.95 8.28 1.67 9.23 98.32 
A10-S10-m5 3.49 6.06 19.13 50.04 0.99 8.47 1.65 8.92 98.75 
A12-S1-m1 3.57 5.31 18.57 50.94 1.10 7.99 1.84 9.07 98.39 
A12-S1-m2 3.48 5.42 18.55 50.65 1.12 8.12 1.82 8.97 98.15 
A12-S1-m3 3.44 5.36 18.58 50.82 1.09 8.03 1.79 9.15 98.25 
A12-S1-m4 3.49 5.40 18.42 50.57 1.07 8.10 1.77 9.28 98.10 
A12-S1-m5 3.53 5.34 18.64 50.56 1.19 8.13 1.67 9.43 98.50 
A12-S2-m1 3.64 5.52 18.43 50.62 1.17 7.88 1.75 9.36 98.37 
A12-S2-m2 3.65 5.42 18.29 50.61 1.17 8.03 1.81 9.31 98.30 
A12-S2-m3 3.63 5.45 18.44 50.56 1.11 8.12 1.76 9.57 98.64 
A12-S2-m4 3.64 5.40 18.56 50.78 1.13 8.07 1.70 9.30 98.57 
A12-S2-m5 3.53 5.35 18.65 50.36 1.14 7.96 1.82 9.12 97.94 
A12-S4-m1 3.56 5.55 18.59 50.40 1.09 8.06 1.73 9.17 98.14 
A12-S4-m2 3.61 5.44 18.37 50.69 1.15 8.17 1.73 9.34 98.51 
A12-S4-m3 3.49 5.41 18.54 50.84 1.12 8.11 1.79 9.30 98.60 
A12-S4-m4 3.66 5.47 18.70 50.62 1.13 8.13 1.73 9.40 98.84 
A12-S4-m5 3.49 5.35 18.56 50.66 1.15 7.99 1.76 9.26 98.22 
A12-S5-m1 3.50 5.42 18.71 50.65 1.09 8.17 1.62 9.02 98.17 
A12-S5-m2 3.54 5.55 18.89 50.62 1.06 8.17 1.68 9.32 98.85 
A12-S5-m3 3.55 5.56 18.82 50.59 1.10 8.09 1.66 9.12 98.48 
A12-S5-m4 3.42 5.52 18.75 50.82 1.08 8.11 1.58 9.09 98.37 
A12-S5-m5 3.61 5.55 18.79 50.35 1.07 8.15 1.66 8.97 98.15 
A12-S7-m1 3.48 5.38 18.46 50.81 1.10 8.05 1.84 9.00 98.12 
A12-S7-m2 3.45 5.41 18.50 50.74 1.15 8.13 1.69 9.15 98.22 
A12-S7-m3 3.46 5.26 18.53 50.69 1.13 8.12 1.69 9.12 98.01 
A12-S7-m4 3.55 5.33 18.76 50.92 1.05 8.02 1.75 9.34 98.73 
A12-S7-m5 3.52 5.32 18.50 50.77 1.04 8.16 1.81 9.40 98.54 
A12-S8-m1 3.44 5.40 18.46 50.84 1.09 8.06 1.79 9.08 98.16 
A12-S8-m2 3.48 5.35 18.47 50.47 1.14 8.09 1.77 8.89 97.67 
A12-S8-m3 3.42 5.44 18.75 50.52 1.11 7.98 1.74 8.95 97.90 
A12-S8-m4 3.52 5.41 18.54 50.55 1.08 8.12 1.72 9.19 98.13 
A12-S8-m5 3.39 5.33 18.50 50.14 1.08 8.05 1.77 9.07 97.33 
A12-S9-m1 3.51 5.39 18.20 51.03 1.18 7.88 1.76 9.46 98.42 
A12-S9-m2 3.54 5.42 18.34 50.54 1.11 7.96 1.73 9.32 97.94 
A12-S9-m3 3.49 5.37 18.29 50.66 1.09 8.08 1.67 9.48 98.11 
A12-S9-m4 3.50 5.39 18.27 50.93 1.14 7.95 1.81 9.39 98.38 
A12-S9-m5 3.45 5.45 18.24 51.01 1.19 7.99 1.89 9.63 98.85 
A12-S10-m1 3.33 5.55 18.08 50.73 1.16 7.87 1.77 9.38 97.86 
A12-S10-m2 3.25 5.48 18.30 51.08 1.15 7.86 1.92 9.51 98.55 
A12-S10-m3 3.27 5.30 18.38 50.77 1.27 7.83 1.71 9.49 98.02 
A12-S10-m4 3.46 5.41 18.15 50.92 1.14 7.93 1.71 9.45 98.18 
A12-S10-m5 3.39 5.48 18.23 50.80 1.20 7.92 1.83 9.72 98.59 
A12-S11-m1 3.55 5.23 18.25 50.94 1.19 7.97 1.77 9.45 98.35 
A12-S11-m2 3.52 5.30 18.19 50.66 1.19 7.88 1.77 9.50 98.02 
A12-S11-m3 3.58 5.22 18.44 50.77 1.16 7.96 1.89 9.42 98.44 
A12-S11-m4 3.59 5.27 18.43 50.26 1.18 7.86 1.85 9.45 97.89 
A12-S11-m5 3.52 5.24 18.35 50.78 1.25 7.83 1.78 9.77 98.51 
B1-S1-m1 3.44 6.27 19.28 51.10 1.05 8.41 1.66 9.44 100.64 
B1-S1-m2 3.46 6.11 19.38 51.13 1.02 8.44 1.75 9.25 100.55 
B1-S1-m3 3.34 6.22 19.05 51.23 1.02 8.36 1.62 9.06 99.90 
B1-S1-m4 3.40 6.35 19.03 51.14 1.00 8.37 1.63 9.27 100.20 
B1-S1-m5 3.34 6.28 19.08 50.99 0.98 8.35 1.62 9.17 99.81 
B1-S2-m1 3.46 6.02 19.51 51.09 1.02 8.56 1.67 8.68 100.01 
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B1-S2-m2 3.34 5.89 19.28 51.34 0.95 8.46 1.75 8.73 99.74 
B1-S2-m3 3.48 5.96 19.52 51.29 1.06 8.50 1.64 8.86 100.32 
B1-S2-m4 3.42 6.05 19.35 51.02 0.98 8.64 1.72 9.15 100.33 
B1-S2-m5 3.39 5.97 19.58 51.21 1.02 8.55 1.71 8.81 100.24 
B1-S3-m1 3.45 6.47 19.20 50.92 0.98 8.50 1.45 9.18 100.15 
B1-S3-m2 3.44 6.30 19.42 51.36 0.93 8.62 1.61 9.13 100.82 
B1-S3-m3 3.45 6.33 19.41 50.79 1.00 8.66 1.59 9.37 100.61 
B1-S3-m4 3.56 6.35 19.07 50.79 0.91 8.61 1.67 8.98 99.96 
B1-S3-m5 3.44 6.43 19.30 51.04 0.94 8.62 1.57 9.43 100.77 
B1-S4-m1 3.57 6.28 19.29 50.90 0.99 8.44 1.73 9.59 100.78 
B1-S4-m2 3.42 6.07 19.23 50.69 1.06 8.52 1.79 9.44 100.21 
B1-S4-m3 3.49 6.22 19.26 51.32 1.02 8.49 1.76 9.38 100.94 
B1-S4-m4 3.51 6.05 19.16 50.97 0.99 8.48 1.72 9.22 100.10 
B1-S4-m5 3.46 6.03 19.08 51.13 0.97 8.34 1.61 9.29 99.91 
B1-S5-m1 3.33 6.06 19.46 51.04 1.02 8.61 1.71 9.01 100.25 
B1-S5-m2 3.43 6.13 19.47 50.97 1.02 8.51 1.72 9.10 100.35 
B1-S5-m3 3.43 5.96 19.22 51.13 0.96 8.39 1.67 9.21 99.96 
B1-S5-m4 3.49 5.91 19.30 51.23 0.95 8.37 1.57 8.78 99.59 
B1-S5-m5 3.31 6.16 19.19 51.25 0.96 8.32 1.57 8.94 99.70 
B1-S6-m1 3.38 6.07 19.53 51.25 0.97 8.34 1.59 9.00 100.13 
B1-S6-m2 3.51 5.94 19.44 51.46 0.98 8.45 1.59 9.26 100.62 
B1-S6-m3 3.32 6.09 19.34 51.35 0.96 8.57 1.61 8.87 100.10 
B1-S6-m4 3.36 6.01 19.16 51.14 0.98 8.33 1.73 8.75 99.46 
B1-S6-m5 3.43 6.08 19.51 51.47 0.99 8.43 1.63 9.06 100.62 
B1-S7-m1 3.35 5.85 19.39 51.44 0.94 8.37 1.60 8.73 99.67 
B1-S7-m2 3.30 5.85 19.39 51.30 0.94 8.25 1.70 9.11 99.85 
B1-S7-m3 3.27 5.83 19.08 51.61 0.96 8.42 1.66 8.89 99.72 
B1-S7-m4 3.29 5.81 19.19 51.34 0.93 8.38 1.45 8.74 99.13 
B1-S7-m5 3.27 5.93 19.15 51.76 0.92 8.26 1.55 8.72 99.57 
B1-S8-m1 3.33 5.88 19.66 51.35 0.93 8.55 1.57 8.82 100.10 
B1-S8-m2 3.37 5.86 19.42 51.34 0.94 8.46 1.65 8.75 99.79 
B1-S8-m3 3.31 5.82 19.47 51.26 0.89 8.43 1.61 8.84 99.62 
B1-S8-m4 3.42 5.86 19.85 51.63 0.96 8.45 1.50 9.20 100.87 
B1-S8-m5 3.35 5.92 19.64 51.39 0.89 8.64 1.54 9.11 100.48 
B1-S9-m1 3.33 6.14 19.11 51.17 1.00 8.42 1.57 9.06 99.79 
B1-S9-m2 3.34 6.11 18.90 51.30 0.90 8.35 1.61 9.03 99.54 
B1-S9-m3 3.39 5.92 19.17 50.96 0.91 8.31 1.63 9.17 99.47 
B1-S9-m4 3.30 6.12 18.90 51.47 0.94 8.27 1.57 9.03 99.60 
B1-S9-m5 3.23 6.10 18.93 51.20 0.93 8.23 1.54 9.04 99.20 
B1-S10-m1 3.47 5.98 19.42 51.71 1.01 8.41 1.74 9.18 100.92 
B1-S10-m2 3.25 5.86 19.26 51.08 0.96 8.51 1.61 9.05 99.57 
B1-S10-m3 3.17 5.89 19.08 51.33 1.03 8.31 1.71 8.91 99.42 
B1-S10-m4 3.31 5.81 19.09 51.33 0.95 8.43 1.60 8.69 99.19 
B1-S10-m5 3.33 5.98 19.15 51.52 0.95 8.24 1.65 8.81 99.63 
B2-S1-m1 3.70 6.26 18.91 50.12 0.98 8.28 1.70 9.00 98.95 
B2-S1-m2 3.74 6.22 18.96 50.01 0.96 8.51 1.55 8.96 98.89 
B2-S1-m3 3.71 6.24 18.84 50.12 1.00 8.41 1.51 8.96 98.80 
B2-S1-m4 3.68 6.24 18.79 50.31 0.96 8.37 1.46 9.03 98.84 
B2-S1-m5 3.69 6.26 18.66 49.82 1.03 8.27 1.54 8.95 98.23 
B2-S2-m1 3.74 5.88 18.49 49.85 1.04 8.18 1.74 9.28 98.21 
B2-S2-m2 3.84 6.02 18.38 50.59 1.10 8.16 2.04 9.42 99.55 
B2-S2-m3 3.70 5.79 18.58 49.95 1.03 8.25 1.72 9.60 98.62 
B2-S2-m4 3.83 5.97 18.51 50.55 1.01 8.49 1.74 9.67 99.77 
B2-S2-m5 3.80 5.86 18.57 50.52 1.08 8.31 1.81 9.62 99.57 
B2-S3-m1 3.63 6.30 18.35 49.88 0.99 8.20 1.77 9.35 98.48 
B2-S3-m2 3.78 6.21 18.66 50.04 1.06 8.30 1.63 9.29 98.97 
B2-S3-m3 3.69 6.24 18.79 50.19 1.04 8.26 1.76 9.34 99.31 
B2-S3-m4 3.71 6.17 18.83 49.97 1.00 8.25 1.84 9.54 99.31 
B2-S3-m5 3.83 6.15 18.51 50.05 0.99 8.23 1.68 9.61 99.06 
B2-S4-m1 3.63 5.97 18.96 49.95 1.04 8.30 1.68 9.16 98.68 
B2-S4-m2 3.66 6.07 19.02 50.39 1.01 8.45 1.65 8.84 99.08 
B2-S4-m3 3.68 6.05 19.09 50.08 1.06 8.35 1.62 9.04 98.97 
B2-S4-m4 3.67 5.93 19.13 50.32 1.05 8.41 1.51 8.82 98.85 
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B2-S4-m5 3.64 6.04 19.16 50.11 1.04 8.29 1.58 8.96 98.82 
B2-S5-m1 3.71 6.15 19.38 50.01 0.95 8.51 1.63 8.78 99.11 
B2-S5-m2 3.77 6.19 19.18 49.87 1.00 8.53 1.59 8.97 99.10 
B2-S5-m3 3.74 6.17 19.22 50.11 1.03 8.46 1.71 9.03 99.47 
B2-S5-m4 3.67 6.16 19.32 50.08 0.90 8.57 1.63 8.96 99.29 
B2-S5-m5 3.69 6.20 19.23 50.22 0.93 8.33 1.52 9.05 99.17 
B2-S6-m1 3.64 6.21 19.09 50.16 1.01 8.46 1.69 8.79 99.06 
B2-S6-m2 3.68 6.13 19.33 50.02 1.01 8.47 1.53 8.72 98.89 
B2-S6-m3 3.64 6.25 19.32 49.88 0.96 8.49 1.46 9.07 99.09 
B2-S6-m4 3.73 6.35 19.36 50.02 0.99 8.51 1.77 8.94 99.66 
B2-S6-m5 3.70 6.35 19.39 50.02 0.98 8.44 1.49 8.88 99.25 
B2-S7-m1 3.64 6.06 19.07 50.16 1.00 8.45 1.56 9.24 99.20 
B2-S7-m2 3.56 5.91 18.80 49.65 0.96 8.41 1.64 9.10 98.03 
B2-S7-m3 3.73 5.98 19.01 50.15 0.95 8.49 1.49 8.86 98.65 
B2-S7-m4 3.73 5.99 19.07 50.21 0.99 8.32 1.60 8.85 98.76 
B2-S7-m5 3.63 6.07 19.20 50.37 1.08 8.39 1.54 9.15 99.43 
B2-S8-m1 3.59 5.88 18.90 49.97 1.02 8.39 1.71 8.96 98.42 
B2-S8-m2 3.63 5.91 19.19 50.46 1.04 8.42 1.70 8.86 99.21 
B2-S8-m3 3.69 6.06 19.05 50.47 1.00 8.25 1.62 8.92 99.06 
B2-S8-m4 3.66 6.02 19.04 50.22 1.10 8.23 1.62 8.85 98.73 
B2-S8-m5 3.68 6.14 19.05 50.17 0.99 8.46 1.45 8.88 98.82 
B2-S9-m1 3.61 5.96 19.02 49.94 1.02 8.31 1.81 9.08 98.74 
B2-S9-m2 3.64 5.94 19.02 49.75 0.99 8.21 1.70 8.87 98.12 
B2-S9-m3 3.61 6.04 18.88 50.27 0.96 8.57 1.64 9.30 99.26 
B2-S9-m4 3.63 6.04 19.03 50.26 1.04 8.23 1.67 9.22 99.11 
B2-S9-m5 3.54 6.01 19.09 50.15 0.98 8.47 1.63 9.10 98.98 
B2-S10-m1 3.61 6.24 18.98 50.11 0.99 8.45 1.76 9.28 99.42 
B2-S10-m2 3.69 6.34 18.94 50.13 1.01 8.40 1.71 9.32 99.54 
B2-S10-m3 3.63 6.24 19.14 49.78 0.96 8.52 1.72 9.26 99.24 
B2-S10-m4 3.63 6.08 19.05 50.15 0.98 8.52 1.63 8.88 98.93 
B2-S10-m5 3.63 6.25 19.09 49.85 0.98 8.35 1.65 9.31 99.10 
B3-S2-m1 3.61 5.99 19.23 49.98 1.03 8.28 1.45 8.62 98.20 
B3-S2-m2 3.68 5.98 19.38 50.44 0.99 8.45 1.52 8.73 99.17 
B3-S2-m3 3.75 5.93 19.13 50.26 0.95 8.47 1.57 8.84 98.91 
B3-S2-m4 3.64 5.96 19.40 50.30 0.97 8.45 1.58 8.79 99.08 
B3-S2-m5 3.64 5.94 19.04 50.36 0.95 8.47 1.51 8.68 98.60 
B3-S3-m1 3.80 5.92 18.45 50.65 1.16 8.12 1.77 9.65 99.52 
B3-S3-m2 3.78 5.84 18.59 50.46 1.13 8.12 1.82 9.27 99.02 
B3-S3-m3 3.81 5.87 18.56 50.82 1.12 8.24 1.81 9.42 99.65 
B3-S3-m4 3.79 5.87 18.53 51.04 1.02 8.13 1.91 9.23 99.52 
B3-S3-m5 3.73 5.91 18.55 50.62 1.16 7.99 1.88 9.29 99.13 
B3-S4-m1 3.87 6.11 18.60 50.39 1.11 8.17 1.77 9.45 99.47 
B3-S4-m2 3.90 6.12 18.38 50.46 1.12 8.17 1.72 9.34 99.22 
B3-S4-m3 3.99 5.99 18.62 50.45 1.01 8.23 1.77 9.29 99.35 
B3-S4-m4 3.94 5.99 18.61 50.59 1.13 8.12 1.75 9.47 99.59 
B3-S4-m5 3.95 5.86 18.61 50.51 1.05 8.17 1.63 9.52 99.29 
B3-S5-m1 3.91 6.13 18.77 49.93 0.96 8.16 1.63 9.18 98.66 
B3-S5-m2 3.91 6.21 19.22 50.17 0.98 8.22 1.56 9.21 99.49 
B3-S5-m3 3.86 6.30 18.97 50.43 1.00 8.20 1.81 9.33 99.90 
B3-S5-m4 3.85 6.16 18.79 50.53 1.02 8.11 1.69 9.07 99.22 
B3-S5-m5 3.89 6.20 18.89 50.43 1.05 8.39 1.51 9.16 99.53 
B3-S6-m1 3.81 5.99 19.25 49.95 0.97 8.55 1.59 8.65 98.76 
B3-S6-m2 3.81 5.98 19.38 50.36 1.01 8.31 1.47 8.88 99.21 
B3-S6-m3 3.77 5.78 19.24 50.32 1.05 8.45 1.65 8.93 99.18 
B3-S6-m4 3.76 5.96 19.16 50.00 0.99 8.60 1.59 8.99 99.06 
B3-S6-m5 3.76 5.95 19.17 50.16 0.97 8.55 1.55 8.73 98.83 
B3-S7-m1 3.85 6.09 19.14 50.52 0.99 8.43 1.60 9.15 99.78 
B3-S7-m2 3.76 6.11 18.91 50.41 1.06 8.37 1.66 8.95 99.23 
B3-S7-m3 3.67 6.07 19.09 50.21 0.98 8.27 1.60 8.94 98.83 
B3-S7-m4 3.76 5.99 19.23 50.39 1.02 8.42 1.61 8.92 99.35 
B3-S7-m5 3.77 6.03 19.04 50.24 1.02 8.26 1.53 8.79 98.68 
B3-S8-m1 3.78 6.24 19.05 50.22 1.02 8.52 1.55 9.26 99.64 
B3-S8-m2 3.74 6.21 19.23 50.35 1.00 8.43 1.64 9.23 99.84 
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B3-S8-m3 3.82 6.15 19.18 50.42 1.04 8.44 1.53 9.05 99.63 
B3-S8-m4 3.77 6.23 19.05 50.29 1.08 8.56 1.68 9.20 99.86 
B3-S8-m5 3.79 6.13 19.13 50.23 0.98 8.45 1.58 9.03 99.32 
B3-S9-m1 3.81 5.94 19.23 49.96 1.03 8.36 1.59 8.92 98.84 
B3-S9-m2 3.74 6.07 18.91 50.08 0.98 8.32 1.58 8.81 98.50 
B3-S9-m3 3.79 6.01 18.99 50.19 0.95 8.59 1.61 8.85 98.99 
B3-S9-m4 3.74 6.02 19.07 50.40 1.01 8.35 1.52 8.90 99.02 
B3-S9-m5 3.88 6.19 18.94 49.76 0.98 8.46 1.60 8.75 98.57 
B3-S10-m1 3.85 6.24 18.59 49.89 1.04 8.17 1.72 9.39 98.90 
B3-S10-m2 3.85 6.31 18.97 49.97 1.02 8.15 1.59 9.48 99.35 
B3-S10-m3 3.74 6.26 18.75 50.17 1.09 8.28 1.55 9.14 98.98 
B3-S10-m4 3.82 6.17 18.93 50.55 1.05 8.15 1.75 9.24 99.66 
B3-S10-m5 3.93 6.28 18.68 50.12 1.05 8.25 1.70 9.46 99.45 
C1-S1-m1 3.91 6.10 19.30 49.68 0.95 8.61 1.53 8.99 99.08 
C1-S1-m2 3.91 6.24 19.70 49.61 0.95 8.60 1.52 8.79 99.33 
C1-S1-m3 3.86 6.28 19.20 49.77 0.93 8.70 1.57 8.75 99.07 
C1-S1-m4 3.83 6.15 19.42 49.91 0.94 8.56 1.58 8.79 99.19 
C1-S1-m5 3.87 6.30 19.26 49.78 0.97 8.50 1.55 8.65 98.88 
C1-S2-m1 3.81 6.32 18.62 49.28 0.96 8.30 1.67 9.22 98.18 
C1-S2-m2 3.77 6.32 18.52 48.85 1.04 8.51 1.53 9.30 97.84 
C1-S2-m3 3.69 6.26 18.28 49.24 0.99 8.36 1.65 8.99 97.46 
C1-S2-m4 3.86 6.31 18.75 49.10 0.96 8.46 1.64 9.01 98.07 
C1-S2-m5 3.86 6.32 18.71 49.62 0.99 8.32 1.69 9.04 98.55 
C1-S3-m1 3.84 6.24 19.58 49.80 0.90 8.59 1.55 8.69 99.18 
C1-S3-m2 3.70 6.48 19.22 49.76 0.96 8.54 1.59 9.07 99.32 
C1-S3-m3 3.90 6.33 19.22 50.06 0.92 8.62 1.54 9.02 99.60 
C1-S3-m4 3.58 6.36 19.36 49.82 0.91 8.65 1.60 9.08 99.35 
C1-S3-m5 3.72 6.30 19.05 49.76 0.92 8.52 1.52 8.99 98.78 
C1-S4-m1 3.83 6.26 19.22 49.36 0.90 8.58 1.65 8.66 98.46 
C1-S4-m2 3.86 6.31 19.34 49.59 0.96 8.57 1.50 8.71 98.83 
C1-S4-m3 3.81 6.11 19.41 50.11 0.89 8.56 1.48 8.52 98.89 
C1-S4-m4 3.91 6.13 19.46 49.57 0.95 8.72 1.63 8.53 98.91 
C1-S4-m5 3.89 6.12 19.26 49.66 0.95 8.53 1.46 8.60 98.47 
C1-S5-m1 3.77 6.16 19.47 49.75 0.98 8.51 1.68 8.77 99.07 
C1-S5-m2 3.97 6.25 19.46 49.90 0.95 8.51 1.63 8.77 99.44 
C1-S5-m3 3.87 6.12 19.69 49.90 0.90 8.75 1.51 8.78 99.52 
C1-S5-m4 3.80 6.22 19.53 49.93 0.93 8.51 1.55 8.74 99.21 
C1-S5-m5 3.86 6.23 19.32 49.95 0.92 8.67 1.57 8.70 99.23 
C1-S6-m1 3.94 6.20 19.23 49.34 0.98 8.58 1.61 8.50 98.38 
C1-S6-m2 3.95 6.20 19.37 49.80 0.98 8.57 1.72 8.66 99.25 
C1-S6-m3 3.92 6.36 19.52 49.46 0.85 8.78 1.63 8.74 99.25 
C1-S6-m4 3.94 6.40 19.61 49.67 0.92 8.66 1.53 8.88 99.60 
C1-S6-m5 3.93 6.28 19.63 49.87 0.90 8.71 1.65 8.86 99.83 
C1-S7-m1 3.89 6.39 18.78 49.18 1.02 8.27 1.45 8.93 97.91 
C1-S7-m2 3.90 6.36 18.99 49.99 0.99 8.48 1.59 9.07 99.37 
C1-S7-m3 3.79 6.28 18.83 49.62 0.93 8.58 1.64 8.90 98.58 
C1-S7-m4 3.84 6.40 19.05 49.70 0.96 8.45 1.62 9.26 99.27 
C1-S7-m5 3.83 6.37 18.91 49.90 0.98 8.43 1.50 9.22 99.15 
C1-S8-m1 3.86 6.07 19.25 49.57 0.96 8.47 1.66 8.77 98.61 
C1-S8-m2 3.95 6.24 19.44 49.43 0.95 8.54 1.49 8.87 98.91 
C1-S8-m3 3.89 6.23 19.26 50.00 0.98 8.74 1.57 8.58 99.24 
C1-S8-m4 3.94 6.05 19.52 49.82 0.92 8.69 1.53 8.51 98.97 
C1-S8-m5 3.88 6.11 19.55 49.85 0.83 8.70 1.48 8.68 99.07 
C1-S9-m1 3.98 6.25 19.23 49.75 0.93 8.60 1.54 8.77 99.04 
C1-S9-m2 3.90 6.09 19.15 49.51 0.91 8.52 1.54 8.59 98.22 
C1-S9-m3 3.84 6.26 19.26 49.96 0.97 8.72 1.55 8.46 99.02 
C1-S9-m4 3.91 6.24 19.43 49.88 0.93 8.56 1.46 8.67 99.08 
C1-S9-m5 3.92 6.26 19.33 50.01 1.02 8.67 1.62 8.74 99.57 
C1-S10-m1 3.86 6.37 18.81 49.09 0.96 8.38 1.56 9.06 98.10 
C1-S10-m2 3.96 6.52 18.82 49.50 0.97 8.40 1.78 9.24 99.18 
C1-S10-m3 3.84 6.46 18.86 49.34 1.02 8.47 1.52 9.02 98.53 
C1-S10-m4 3.88 6.47 18.69 49.60 0.94 8.28 1.48 9.35 98.68 
C1-S10-m5 3.95 6.37 18.81 49.69 0.95 8.56 1.47 9.41 99.21 
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C2-S2-m1 3.33 6.15 19.26 50.11 0.91 8.56 1.47 9.00 98.80 
C2-S2-m2 3.53 6.11 19.46 50.11 0.94 8.55 1.61 9.04 99.35 
C2-S2-m3 3.34 6.00 19.44 50.33 0.92 8.52 1.62 9.15 99.31 
C2-S2-m4 3.42 6.10 19.18 50.06 0.95 8.43 1.59 8.82 98.55 
C2-S2-m5 3.50 6.10 19.26 50.16 0.97 8.54 1.56 9.08 99.16 
C2-S3-m1 3.27 6.17 19.18 49.91 0.90 8.37 1.49 8.92 98.20 
C2-S3-m2 3.48 6.21 19.33 49.89 0.96 8.42 1.68 8.97 98.94 
C2-S3-m3 3.34 6.19 19.00 50.32 0.96 8.46 1.55 9.08 98.91 
C2-S3-m4 3.36 6.11 19.04 49.87 0.92 8.31 1.51 8.83 97.96 
C2-S3-m5 3.39 6.26 19.33 49.69 0.92 8.57 1.74 8.83 98.73 
C2-S4-m1 3.54 6.01 18.52 50.09 1.04 8.29 1.64 9.41 98.53 
C2-S4-m2 3.43 6.04 18.70 50.18 1.01 8.29 1.67 9.13 98.44 
C2-S4-m3 3.55 6.08 18.58 49.99 0.97 8.08 1.76 9.25 98.26 
C2-S4-m4 3.30 6.07 18.63 50.02 1.00 8.31 1.73 9.37 98.43 
C2-S4-m5 3.41 5.99 18.58 50.34 1.00 8.26 1.67 9.38 98.63 
C2-S5-m1 3.43 6.00 19.09 50.02 0.90 8.47 1.66 8.80 98.35 
C2-S5-m2 3.50 6.08 19.14 50.31 0.91 8.51 1.61 8.96 99.03 
C2-S5-m3 3.41 6.19 19.08 49.94 0.99 8.53 1.50 8.86 98.52 
C2-S5-m4 3.49 6.12 19.10 50.19 0.90 8.49 1.44 8.83 98.56 
C2-S5-m5 3.49 6.14 19.43 50.00 0.97 8.64 1.59 8.89 99.17 
C2-S6-m1 3.44 6.18 19.32 50.15 0.89 8.52 1.59 8.82 98.91 
C2-S6-m2 3.36 6.18 19.39 50.12 0.91 8.60 1.46 8.92 98.93 
C2-S6-m3 3.47 5.99 19.54 50.02 0.89 8.54 1.51 8.64 98.59 
C2-S6-m4 3.41 6.10 19.32 49.76 0.88 8.50 1.48 8.50 97.95 
C2-S6-m5 3.44 6.09 19.29 50.06 0.90 8.62 1.50 8.86 98.76 
C2-S7-m1 3.41 6.20 19.21 50.01 0.91 8.48 1.55 8.74 98.49 
C2-S7-m2 3.46 6.24 19.22 50.24 0.92 8.45 1.86 8.64 99.04 
C2-S7-m3 3.39 6.19 19.22 49.83 0.85 8.54 1.54 8.77 98.33 
C2-S7-m4 3.42 6.29 19.39 50.04 0.91 8.54 1.58 9.05 99.23 
C2-S7-m5 3.42 6.24 19.27 49.97 0.94 8.44 1.58 8.99 98.85 
C2-S8-m1 3.39 6.37 18.35 49.95 1.01 8.18 1.69 9.53 98.48 
C2-S8-m2 3.31 6.55 18.41 50.15 1.00 7.98 1.85 9.27 98.53 
C2-S8-m3 3.41 6.61 18.20 50.24 0.93 8.16 1.74 9.45 98.75 
C2-S8-m4 3.31 6.51 18.30 50.11 0.94 8.21 1.78 9.43 98.59 
C2-S8-m5 3.36 6.42 18.17 50.10 0.96 8.13 1.74 9.38 98.26 
C2-S9-m1 3.43 6.17 18.99 49.97 0.86 8.39 1.47 8.99 98.26 
C2-S9-m2 3.36 6.21 18.96 50.14 0.89 8.56 1.69 8.59 98.39 
C2-S9-m3 3.36 6.25 19.13 50.10 0.89 8.44 1.60 8.80 98.58 
C2-S9-m4 3.35 6.23 18.91 50.05 0.92 8.43 1.54 8.82 98.23 
C2-S9-m5 3.35 6.26 19.08 50.50 0.91 8.47 1.55 8.80 98.93 
C2-S10-m1 3.42 5.99 19.28 50.46 0.97 8.40 1.66 8.73 98.91 
C2-S10-m2 3.46 6.12 19.33 50.15 0.90 8.56 1.63 8.88 99.03 
C2-S10-m3 3.38 6.06 19.11 50.67 0.93 8.47 1.54 8.67 98.83 
C2-S10-m4 3.42 5.97 19.12 50.55 0.99 8.40 1.59 8.81 98.85 
C2-S10-m5 3.44 6.02 19.20 50.64 0.97 8.50 1.49 8.82 99.08 
C3-S1-m1 3.76 6.18 19.12 49.81 0.97 8.41 1.71 9.12 99.09 
C3-S1-m2 3.77 6.25 19.08 49.56 0.90 8.43 1.50 9.24 98.72 
C3-S1-m3 3.73 6.33 19.17 49.89 0.96 8.61 1.58 8.95 99.22 
C3-S1-m4 3.77 6.37 19.13 49.62 0.99 8.51 1.56 8.92 98.87 
C3-S1-m5 3.65 6.14 19.29 50.24 0.92 8.53 1.56 9.20 99.53 
C3-S2-m1 3.99 6.16 19.31 50.07 0.97 8.59 1.62 9.10 99.82 
C3-S2-m2 3.77 6.05 19.10 50.13 0.93 8.44 1.57 8.91 98.91 
C3-S2-m3 3.84 6.19 19.39 49.76 0.92 8.70 1.68 9.00 99.48 
C3-S2-m4 3.80 6.22 19.48 50.24 0.97 8.65 1.61 9.05 100.03 
C3-S2-m5 3.70 6.21 19.56 49.64 0.93 8.51 1.59 9.06 99.19 
C3-S3-m1 3.81 6.32 18.74 49.65 0.98 8.40 1.59 9.25 98.72 
C3-S3-m2 3.90 6.25 18.86 49.97 0.99 8.25 1.68 9.22 99.12 
C3-S3-m3 3.83 6.20 18.95 50.28 1.02 8.38 1.73 9.57 99.97 
C3-S3-m4 3.79 6.22 18.69 50.21 0.98 8.41 1.64 9.17 99.11 
C3-S3-m5 3.83 6.25 18.86 50.41 1.00 8.34 1.59 9.45 99.73 
C3-S4-m1 3.82 6.22 18.69 49.86 1.04 8.19 1.64 9.27 98.73 
C3-S4-m2 3.89 6.04 18.60 50.07 1.03 8.32 1.60 9.26 98.82 
C3-S4-m3 3.79 6.29 18.54 50.07 1.08 8.30 1.73 9.33 99.13 
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C3-S4-m4 4.00 6.25 18.42 50.40 1.02 8.33 1.76 9.42 99.62 
C3-S4-m5 3.91 6.29 18.71 50.20 1.04 8.20 1.68 9.58 99.62 
C3-S5-m1 3.98 6.14 18.87 50.11 0.96 8.37 1.61 9.30 99.34 
C3-S5-m2 3.76 6.18 19.09 50.38 1.04 8.43 1.64 9.20 99.70 
C3-S5-m3 3.98 6.11 19.00 50.32 0.99 8.33 1.71 9.30 99.73 
C3-S5-m4 3.87 6.06 18.90 50.20 0.98 8.30 1.63 9.23 99.15 
C3-S5-m5 3.92 6.13 19.15 50.19 1.10 8.43 1.58 9.16 99.67 
C3-S6-m1 3.83 6.45 18.64 49.48 0.92 8.23 1.58 9.18 98.32 
C3-S6-m2 3.77 6.60 18.98 49.87 0.99 8.36 1.76 9.35 99.68 
C3-S6-m3 3.80 6.51 18.69 49.89 0.96 8.41 1.58 9.04 98.88 
C3-S6-m4 3.90 6.67 18.71 49.59 0.97 8.41 1.70 9.33 99.28 
C3-S6-m5 3.84 6.43 18.56 49.69 0.96 8.33 1.61 9.23 98.65 
C3-S7-m1 3.84 6.19 19.12 49.41 0.91 8.53 1.61 8.89 98.49 
C3-S7-m2 3.71 6.27 19.20 49.96 0.92 8.39 1.66 8.80 98.92 
C3-S7-m3 3.81 6.31 19.25 49.63 0.88 8.47 1.53 8.83 98.71 
C3-S7-m4 3.80 6.13 19.14 49.76 0.95 8.51 1.58 8.97 98.85 
C3-S7-m5 3.88 6.31 19.21 49.69 0.96 8.35 1.56 8.84 98.79 
C3-S8-m1 3.87 6.17 19.79 49.95 0.95 8.60 1.62 8.86 99.81 
C3-S8-m2 3.80 6.40 19.08 50.21 1.00 8.53 1.57 8.91 99.49 
C3-S8-m3 3.88 6.31 19.51 50.09 0.93 8.47 1.60 9.06 99.86 
C3-S8-m4 3.85 6.25 19.24 49.82 0.93 8.44 1.64 8.70 98.87 
C3-S8-m5 3.95 6.20 19.10 49.82 0.99 8.47 1.52 9.05 99.10 
C3-S9-m1 3.75 6.19 18.88 49.95 0.96 8.47 1.58 9.10 98.89 
C3-S9-m2 3.88 6.08 19.32 50.00 0.99 8.41 1.55 9.24 99.46 
C3-S9-m3 3.80 6.11 19.06 49.83 1.03 8.48 1.64 9.01 98.96 
C3-S9-m4 3.73 6.12 19.01 50.12 1.00 8.53 1.71 9.06 99.27 
C3-S9-m5 3.74 6.25 19.00 50.14 0.97 8.30 1.61 8.85 98.85 
C3-S10-m1 3.76 6.21 19.15 50.13 0.96 8.51 1.64 9.27 99.63 
C3-S10-m2 3.70 6.16 19.29 50.00 0.98 8.40 1.65 9.01 99.19 
C3-S10-m3 3.87 6.09 19.24 50.11 0.92 8.54 1.51 8.99 99.28 
C3-S10-m4 3.79 6.24 19.18 49.83 0.97 8.55 1.57 8.84 98.97 
C3-S10-m5 3.81 6.21 19.14 49.71 0.95 8.38 1.57 8.88 98.66 
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Table B9.3 - Normalized sideromelane glass compositions (wt%) for mound, tuff ring deposits, 
Sites A, B and C. Number of analyses per sample and standard deviations are also reported. 
Deposit Sample code  Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO Total 
Lower Mound 
M1 (45)1 
Mean 3.97 6.25 19.24 50.36 0.98 8.51 1.63 9.06 100.00 
SD2 0.07 0.14 0.14 0.18 0.03 0.10 0.07 0.18   
M2 (39) 
Mean 3.54 6.20 19.16 50.82 0.99 8.44 1.65 9.19 100.00 
SD 0.08 0.11 0.25 0.23 0.04 0.11 0.09 0.21   
M3 (41) 
Mean 3.75 6.28 19.12 50.49 1.00 8.46 1.68 9.22 100.00 
SD 0.13 0.10 0.38 0.17 0.05 0.14 0.10 0.27   
M4 (40) 
Mean 3.49 6.21 19.18 50.97 0.98 8.42 1.65 9.11 100.00 
SD 0.05 0.08 0.19 0.29 0.04 0.13 0.08 0.18   
Upper Mound 
M5 (45) 
Mean 3.88 5.65 19.02 51.23 1.12 8.24 1.71 9.14 100.00 
SD 0.23 0.11 0.18 0.21 0.04 0.09 0.10 0.18   
M6 (40) 
Mean 3.71 5.68 18.98 51.40 1.10 8.27 1.74 9.13 100.00 
SD 0.24 0.21 0.29 0.39 0.06 0.19 0.10 0.20   
Lower Tuff ring 
TR1 (25) 
Mean 3.72 5.82 19.19 51.15 1.10 8.34 1.67 9.01 100.00 
SD 0.10 0.06 0.11 0.16 0.04 0.07 0.09 0.12   
TR2 (25) 
Mean 3.86 5.58 19.12 51.23 1.12 8.26 1.69 9.14 100.00 
SD 0.08 0.06 0.11 0.15 0.03 0.08 0.08 0.14   
Upper Tuff ring 
TR3 (60) 
Mean 4.06 6.32 18.80 50.32 1.03 8.32 1.69 9.46 100.00 
SD 0.14 0.32 0.32 0.21 0.06 0.17 0.12 0.27   
TR4 (45) 
Mean 4.10 5.67 18.98 50.99 1.13 8.19 1.71 9.23 100.00 
SD 0.18 0.13 0.14 0.26 0.03 0.09 0.08 0.14   
Site A 
A2 (45) 
Mean 3.64 6.18 18.97 50.69 1.02 8.39 1.72 9.40 100.00 
SD 0.13 0.10 0.16 0.34 0.04 0.11 0.09 0.17   
A4 (50) 
Mean 3.48 6.21 19.35 50.80 0.95 8.53 1.62 9.05 100.00 
SD 0.08 0.14 0.32 0.31 0.04 0.16 0.09 0.22   
A6 (45) 
Mean 3.47 6.18 19.55 50.76 0.94 8.58 1.60 8.92 100.00 
SD 0.08 0.09 0.21 0.32 0.03 0.13 0.08 0.18   
A8 (44) 
Mean 3.78 6.46 19.18 50.33 0.96 8.50 1.64 9.15 100.00 
SD 0.08 0.15 0.38 0.16 0.04 0.16 0.09 0.26   
A10 (50) 
Mean 3.55 6.25 18.99 50.77 0.99 8.41 1.68 9.36 100.00 
SD 0.07 0.14 0.25 0.15 0.04 0.14 0.09 0.24   
A12 (45) 
Mean 3.57 5.49 18.80 51.58 1.15 8.17 1.79 9.46 100.00 
SD 0.09 0.09 0.20 0.18 0.05 0.10 0.07 0.20   
Site B 
B1 (50) 
Mean 3.38 6.05 19.28 51.21 0.97 8.44 1.63 9.04 100.00 
SD 0.08 0.16 0.17 0.35 0.04 0.10 0.08 0.20   
B2 (50) 
Mean 3.72 6.17 19.17 50.62 1.02 8.46 1.66 9.19 100.00 
SD 0.06 0.14 0.26 0.19 0.04 0.11 0.11 0.24   
B3 (45) 
Mean 3.83 6.11 19.10 50.72 1.04 8.39 1.65 9.17 100.00 
SD 0.08 0.13 0.30 0.21 0.06 0.17 0.11 0.25   
Site C C1 (50) Mean 3.91 6.34 19.40 50.21 0.96 8.64 1.59 8.96 100.00 
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SD 0.08 0.12 0.27 0.17 0.04 0.11 0.08 0.25   
C2 (45) 
Mean 3.46 6.25 19.30 50.79 0.95 8.54 1.63 9.09 100.00 
SD 0.06 0.15 0.34 0.20 0.04 0.14 0.11 0.26   
C3 (50) 
Mean 3.86 6.29 19.20 50.36 0.98 8.50 1.63 9.18 100.00 
SD 0.08 0.14 0.27 0.18 0.04 0.11 0.06 0.19   









Minimum grain size - 
µm (⏀) 
Maximum grain size 
- µm (⏀) 
Classification (White and 
Houghton, 2006) 






A2 6.61 (7.24) 724.4 (0.47) extremely fine ash-coarse ash 0.86 2.74 
A4 17.38 (5.85) 2187.8 (-1.13) extremely fine ash-fine lapilli 0.93 1.71 
A6 8.71 (6.84) 1096.5 (-0.13) 
extremely fine ash-very coarse 
ash 0.96 2.61 
A8 19.95 (5.65) 955.0 (0.07) extremely fine ash-coarse ash 0.73 1.71 
A10 7.59 (7.04) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.23 2.46 
A12 0.72 (10.44) 631 (0.66) extremely fine ash-coarse ash 0.98 3.16 
Site 
B 
B1 10.0 (6.64) 478.6 (1.06) extremely fine ash-medium ash 0.72 2.79 
B2 3.8 (8.04) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.49 1.47 
B3 2.19 (8.83) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.56 1.61 
Site 
C 
C1 1.91 (9.03) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.53 1.37 
C2 1.26 (9.63) 2187.8 (-1.13) extremely fine ash-fine lapilli 1.75 173 


























M1_1 lower  2.33 21 87.4 693.6 -0.99 
M1_3 " 1.37 28 94.8 610.2 -1.28 
M1_4 " 1.98 34 95.3 406.5 -1.02 
M2_1 lower  1.79 21 85.8 915.5 -1.09 
M2_2 " 2.19 18 89.7 638.8 -1.28 
M2_5 " 1.50 38 99.5 223.9 -1.00 
M3_1 lower 1.45 18 75.3 556.4 -0.89 
M3_2 " 0.75 31 98.2 338.2 -1.29 
M3_3 " 2.28 23 91.4 555.9 -1.39 
M4_1 middle 0.54 14 59.4 747.3 -0.85 
M4_2 " 1.86 15 20.1 1360.7 -0.87 
M4_4 " 2.79 22 94.1 470.7 -1.37 
Site 
A 
A2_2 lower 0.47 35 99.7 152.3 -0.89 
A2_3 " 0.18 39 99.8 224.5 -0.90 
A2_4 " 0.19 32 98.9 382.0 -0.74 
A4_1 lower 0.83 43 99.8 200.1 -0.79 
A4_2 " 1.38 25 95.1 495.9 -1.23 
A4_3 " 1.62 36 99.6 271.1 -1.00 
A6_2 middle 1.68 25 98.1 578.0 -1.49 
A6_3 " 1.61 37 99.6 236.2 -1.02 
A6_4 " 1.39 38 99.8 210.0 -1.13 





B2.12 - PARTISAN© output for shape parameters of convexity (Con_LI) and solidity 
(Sol_LI) from Liu et al. (2015) 
Sample Convexity Solidity Sample Convexity Solidity Sample Convexity Solidity 
A2_001.tif 0.94 0.93 A4_001.tif 0.97 0.91 A6_001.tif 0.89 0.60 
A2_002.tif 0.76 0.91 A4_002.tif 0.93 0.94 A6_002.tif 0.83 0.58 
A2_003.tif 1.00 0.97 A4_003.tif 0.92 0.93 A6_003.tif 0.72 0.73 
A2_004.tif 0.78 0.69 A4_004.tif 0.76 0.80 A6_004.tif 0.90 0.83 
A2_005.tif 0.84 0.56 A4_005.tif 0.63 0.71 A6_005.tif 0.98 0.93 
A2_006.tif 0.70 0.67 A4_006.tif 0.57 0.63 A6_006.tif 0.76 0.41 
A2_007.tif 0.94 0.81 A4_007.tif 0.80 0.56 A6_007.tif 0.90 0.67 
A2_008.tif 0.97 0.77 A4_008.tif 0.68 0.57 A6_008.tif 0.92 0.87 
A2_009.tif 0.95 0.90 A4_009.tif 0.90 0.90 A6_009.tif 0.88 0.83 
A2_010.tif 0.85 0.75 A4_010.tif 0.66 0.53 A6_010.tif 0.93 0.83 
A2_011.tif 0.88 0.81 A4_011.tif 0.71 0.77 A6_011.tif 0.96 0.93 
A2_012.tif 0.88 0.80 A4_012.tif 0.79 0.81 A6_012.tif 0.79 0.76 
A2_013.tif 0.74 0.64 A4_013.tif 0.88 0.82 A6_013.tif 0.91 0.71 
A2_014.tif 0.78 0.57 A4_014.tif 0.87 0.49 A6_014.tif 0.95 0.91 
A2_015.tif 0.89 0.68 A4_015.tif 0.85 0.77 A6_015.tif 0.95 0.88 
A2_016.tif 0.98 0.89 A4_016.tif 0.83 0.92 A6_016.tif 0.74 0.53 
A2_017.tif 0.87 0.95 A4_017.tif 0.82 0.75 A6_017.tif 0.90 0.73 
A2_018.tif 0.61 0.71 A4_018.tif 0.63 0.74 A6_018.tif 0.90 0.72 
A2_019.tif 0.74 0.51 A4_019.tif 0.71 0.71 A6_019.tif 0.95 0.79 
A2_020.tif 0.96 0.92 A4_020.tif 0.86 0.89 A6_020.tif 0.73 0.76 
A2_021.tif 0.78 0.77 A4_021.tif 0.96 0.91 A6_021.tif 0.80 0.91 
A2_022.tif 0.94 0.88 A4_022.tif 0.84 0.75 A6_022.tif 0.80 0.76 
A2_023.tif 0.96 0.89 A4_023.tif 0.90 0.72 A6_023.tif 0.79 0.71 
A2_024.tif 0.81 0.70 A4_024.tif 0.66 0.50 A6_024.tif 0.76 0.79 
A2_025.tif 0.78 0.69 A4_025.tif 0.83 0.88 A6_025.tif 0.88 0.59 
A2_026.tif 0.74 0.54 A4_026.tif 0.74 0.73 A6_026.tif 0.91 0.78 
A2_027.tif 0.91 0.85 A4_027.tif 0.80 0.70 A6_027.tif 0.93 0.83 
A2_028.tif 0.96 0.94 A4_028.tif 0.88 0.87 A6_028.tif 0.95 0.90 
A2_029.tif 0.82 0.94 A4_029.tif 0.89 0.73 A6_029.tif 0.67 0.55 
A2_030.tif 0.78 0.94 A4_030.tif 0.87 0.82 A6_030.tif 0.91 0.83 
A2_031.tif 0.88 0.91 A4_031.tif 0.85 0.89 A6_031.tif 0.80 0.77 
A2_032.tif 0.85 0.77 A4_032.tif 0.63 0.74 A6_032.tif 0.70 0.78 
A2_033.tif 0.78 0.83 A4_033.tif 0.91 0.94 A6_033.tif 0.74 0.71 
A2_034.tif 0.64 0.49 A4_034.tif 0.77 0.72 A6_034.tif 0.74 0.80 
A2_035.tif 0.97 0.64 A4_035.tif 0.52 0.71 A6_035.tif 0.80 0.77 
A2_036.tif 0.89 0.88 A4_036.tif 0.76 0.67 A6_036.tif 0.98 0.90 
A2_037.tif 0.92 0.57 A4_037.tif 0.90 0.73 A6_037.tif 0.56 0.58 
A2_038.tif 0.72 0.53 A4_038.tif 0.92 0.65 A6_038.tif 0.88 0.79 
A2_039.tif 0.77 0.75 A4_039.tif 0.95 0.89 A6_039.tif 0.60 0.76 
A2_040.tif 0.79 0.92 A4_040.tif 0.90 0.81 A6_040.tif 0.76 0.77 
A2_041.tif 0.73 0.85 A4_041.tif 0.84 0.81 A6_041.tif 0.96 0.82 
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A2_042.tif 0.96 0.87 A4_042.tif 0.81 0.85 A6_042.tif 0.83 0.78 
A2_043.tif 0.83 0.88 A4_043.tif 0.81 0.79 A6_043.tif 0.89 0.92 
A2_044.tif 0.94 0.90 A4_044.tif 0.76 0.82 A6_044.tif 0.79 0.71 
A2_045.tif 0.87 0.87 A4_045.tif 0.70 0.73 A6_045.tif 0.90 0.83 
A2_046.tif 0.92 0.77 A4_046.tif 0.92 0.83 A6_046.tif 0.93 0.92 
A2_047.tif 0.77 0.87 A4_047.tif 0.90 0.69 A6_047.tif 0.69 0.73 
A2_048.tif 0.78 0.78 A4_048.tif 0.89 0.85 A6_048.tif 0.71 0.67 
A2_049.tif 0.98 0.94 A4_049.tif 0.78 0.41 A6_049.tif 0.87 0.80 
A2_050.tif 0.94 0.75 A4_050.tif 0.95 0.81 A6_050.tif 0.76 0.68 
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